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Resumo
Esse documento apresenta uma coleção de trabalhos realizados dentro do
amplo campo de materiais nano-estruturados, focando-se em descrições teóricas
analíticas e simulações computacionais de diversos novos materias desse tipo.
Uma nova fibra supereslástica e condutora é reportada. Essa fibra altamente
esticável (até 1320%) é criada envolvendo-se um núcleo cilíndrico de borracha com
uma camada de folha de nanotubos de carbono. O material resultante exibe uma
interessante estrutura de enrugamentos hierárquicos na sua superfície, o que lhe
garante propriedades elétricas úteis como conservar a sua resistencia constante en-
quanto esticada. Adicionando-se mais camadas de borracha ou nanotubos podemos
obter aplicações como sensores de movimento ou deformação, atuadores/músculos
artificiais ativados por corrente ou temperatura e operados reversivelmente por um
mecanismo de acoplamento entre tensão e torção. Nós explicamos suas propriedades
de condução elétrica e os fenômenos físicos envolvidos em cada uma dessas apli-
cações.
Também desenvolvemos um novo método para o desenho racional de polímeros
molecularmente impressos usando dinâmica molecular para simular o processo de
impressão molecular e a análise subsequente utilizando experimentos de cromatografia
simulada. Obtivemos com sucesso a primeira evidência teórica do mecanismo de im-
pressão exibindo afinidade e seletividade para a substância alvo 17-𝛽 estradiol.
Desenhamos e simulamos uma nova estrutura com formato de piramide em
kirigami de grafeno, composta de uma folha de grafeno cortada em um padrão
específico a fim de formar uma pirâmide quando sofre tensão na direção normal ao
plano. Nós calculamos a resposta dessa estrutura a uma carga estática, quando ela
age como uma mola de proporções nanométriacs. Também, utilizando simulações
de dinâmica molecular de colisões balísticas, constatamos que a resistência desse
material a impactos é ainda maior que de uma folha de grafeno puro, sendo ainda
mais leve.
Um novo método de reforçar fios de nanotubos de carbono, chamado ITAP,
também é reportado. Esse método foi capaz de melhorar a resistencia mecanica do
fio em até 1,5 vezes e torná-lo muito mais resistente ao ataque de ácido quando
comparado com um fio não tratado. Utilizamos simulações de dinâmica molecular
para testar a hipótese de que esse tratamento é suficiente para gerar ligações co-
valentes entre as paredes externas de nanotubos diferentes, o que seria responsável
pelas propriedades do material.
Aplicamos um algoritmo genético modificado ao problema do folding de pro-
teínas em um modelo de rede 3D HP. Testamos o algoritmo utilizando um conjunto
de sequencias de teste que têm estado em uso pelos últimos 20 anos na literatura. Fo-
mos capazes de melhorar um dos resultados e demonstramos a aplicação e utilidade
de operadores não canônicos que evitam a convergência prematura do algoritmo,
sendo eles o operador de compartilhamento e efeito maternal.
Palavras-chaves: Materiais nano-estruturados. Músculos artificiais. Algoritmo genético.
Folding de proteínas. Efeito maternal.
Abstract
This document presents a colection of works done within the broad subject
of nano-structured materials, focusing on analytical theoretical descriptions and
computational simulations of new kinds of this class of materials.
A new superelastic conducting fiber is reported, with improved properties
and functionalities. They are highly stretchable (up to 1320%) conducting fibers
created by wrapping carbon nanotube sheets on stretched rubber fiber cores. The
resulting structure exhibited an interesting hierarchical buckled structure on its sur-
face. By including more rubber and carbon nanotube layers, we created strain sen-
sors, and electrically or thermally powered tensile and torsional muscles/actuators
operating reversibly by a coupled tension-to-torsion actuation mechanism. We ex-
plain its electronic properties and quantitatively explain the compounded physical
effects involved in each of these applications.
We also developed a new method for the rational design of molecularly im-
printed polymers using molecular dynamics to simulate the imprinting process and
subsequent chromatography studies. We successfully obtained the first theoretical
evidence of actual imprinting happening under unconstrained simulations showing
affinity and selectivity to the target substance 17-𝛽 estradiol.
We designed and simulated a new graphene kirigami pyramid structure,
composed of a cut graphene sheet in a specific pattern in order to form a pyramid
when under stress perpendicular to the plane. We calculated the response to static
loading of this structure that acts like a nano-sized spring. Also, with simulated
ballistic collisions we obtained increased resistance to impact in comparison with a
pure graphene sheet.
A new method of strengthening carbon nanotube yarns, called ITAP, con-
sisting of annealing at high temperature in vacuum is reported. This method is
shown to increase the mechanical resistance of the wire up to 1.5 times and make it
much more resistant to acid corrosion when compared to pristine non-treated wires.
We applied a modified genetic algorithm to the protein folding problem
using an 3D HP lattice model using known test sequences that have been in use
for the last 20 years and obtained an improvement for the best solution found for
one of these proteins. Also, the importance of new non-canonical operators that
prevent rapid convergence of the algorithm was demonstrated, namely the Sharing
and Maternal Effect operators.
Key-words: Nano-structured materials. Artificial muscles. Molecularly imprinted
polymers. Graphene kirigami. Genetic algorithm. Protein Folding. Maternal effect.
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1 Introduction
Nanostructured Materials (NSM) are characterized by a microstructure that has a
characteristic length scale on the order of nanometers(1). These materials may be highly
organized in its entire extent or a relatively disorganized collection of smaller ordered
units. They can be tailor-made to suit specific needs and to accomplish new effects that
depend on the details of microstructure(2, 3, 4). The synthesis of materials and/or devices
with new properties by means of the controlled manipulation of their microstructure on
the atomic level has become an emerging interdisciplinary field(5).
In this work we present a collection of works involving some kind of nanostructured
material and it is divided in independent chapters about each one introducing the resulting
papers annexed at the end of this document. Most of the work was done in collaboration
with foreign research groups and involved theoretical and experimental work from various
authors, so the objective of this text is to introduce, expand upon the details, motivations
and decisions of these studies and highlight the author contribution in each one of them.
Chapter 2 deals with the material dubbed "hierarchically buckled sheath-core
fibers" composed of a cylindrical rubber core covered with a carbon nanotube (CNT)
sheet layer. This novel material was developed experimentally first, and thought about
theoretically later. Because of the interplay between the soft rubber core and the very
stiff CNTs on top of it, the surface buckles out-of-plane at a nanometric scale and creates
some wrinkles along the axis of the cylinder. This buckling occurs hierarchically with 2
different visible periods nested inside each other.
This material was first experimentally created as a bendable/stretchable conduc-
tor. Because of this buckling it was able to keep its electrical resistance almost constant
during stretching of up to 1300% its rest size. The applications for this kind of material
for micro-sized mechanical devices were promising, but upon further theoretical inquiry
a host of other conformations and applications came to our attention. By knowing the
mechanism that allowed the resistance to remain constant over large stretches we could do
the reverse and create strain sensors that responded with a controllable resistance change
over some range of stretching. Also, by adding one more layer of rubber with another
layer of CNT we created an electrical capacitor that because of the properties of rubber
could be used as a millimeter scale mechanical actuator activated by electrical current. By
using the same design and taking advantage of the large change in Young’s modulus that
rubber suffers with temperature change, we could also create actuators that responded to
thermal activation by Joule heating with high strokes and low temperatures.
In chapter 3 we present a new approach to the rational design of molecularly
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imprinted polymers (MIP). The MIPs are a class of molecular recognition material that
works by creating a physicochemical "mold" of a target substance inside of a polymeric
bulk matrix by synthesizing a polymer based on monomers that are able to interact with
the substance added to the pre-polymerization solution. Although this idea is not new and
many successful MIPs(6, 7, 8) have already been developed for a variety of substances, the
process by which a new MIP is created is currently a process of trial and error where the
designer tries every available monomer to him until he finds one that works. We aimed
to provide tools based on molecular dynamic simulations to assess the suitability of a
monomer for imprinting of a target substance. We developed a simulation of imprinting
and later chromatographic experiment to confirm the affinity of imprinted material to the
target substance. Also, we present another method of monomer screening based on data
analysis of so called electronic indices of the candidate molecules. This indices are based
on the energies and electronic densities of the frontier molecular orbitals.
Chapter 4 is about a new kind of graphene-based material where kirigami technique
is used to remove a portion of the graphene sheet to generate a structure able to be
deformed by pushing on the plane’s normal direction to form a pyramid. The traditional
and better known origami technique consists of folding a sheet of paper to generate 3-
dimensional structures, whereas the kirigami is about cutting the sheet for the same effect.
This kirigami process has been applied successfully to graphene sheets on the nanometric
scale to generate interesting structures(9). We performed two molecular dynamics studies:
a quasi-static loading of the structure to measure it’s response profile to strain on the
normal direction, and dynamic ballistic testing to gauge its resistance in comparison to a
pristine graphene sheet of the same size.
In Chapter 5 we present a process called ITAP (Incandescent Tension Annealing
Protocol) used to strengthen carbon nanotube yarns made by drawing and twisting from
a carbon nanotube forest. Pristine yarns are already a very resistant material (by weight)
to failure under traction (10), but are very susceptible to being attacked by strong acids.
The proposed strengthening protocol consisted of heating the nanotubes under tension
in moderate vacuum to allow the formation of cross-linking covalent bonding between
adjacent nanotubes. This process was experimentally performed resulting in increased
physical and chemical resistance of the resulting material. We used molecular dynamics
simulations to investigate the validity of the conditions necessary to the formation of this
cross-linking between tubes.
Finally, in chapter 6 we describe a modified genetic algorithm applied to the protein
folding problem. Proteins are among the most important macromolecules, formed by
a chain of monomers, responsible for a variety of functions in the human body. Each
protein’s specific function is largely determined by its spatial configuration since they
work in a lock-and-key mechanism to interact with a variety of substances. Being able
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to predict the folded structure of a protein is an unsolved problem that have resisted
numerous attempts at solution(11). Artificial molecules with function similar to proteins
are designed usually by analogy with naturally occurring proteins(12). Being able to
predict a protein’s final conformation from its chemical components would be of great
value to the fields of artificial antibodies, drug design, and molecular recognition since it
would allow the design for specific functions a priori.
A genetic algorithm is a form of search algorithm based on the principles of natural
selection(13). Because of the nature of the folding problem, testing too many possible
solution is very computationally expensive. The canonical version of GA implies too many
evaluations of possible solutions, which motivated us to insert new non-canonical operators
to the naive GA in order to find the best solutions with fewer evaluations. We worked
with a simplified lattice model as a proof of concept, testing the algorithm on known test
cases from literature.
14
2 Hierarchically buckled sheath-core fibers
In this chapter we deal mainly with the published work coauthored by the author
of the thesis and available on Annex A and further developments from this work that are
being prepared to submission to publication on Annexes C and D. Most of the calculations
discussed can be found on Annex B.
In the search for novel materials applicable to a wide range of interesting problems
in various fields of engineering and material science, a new kind of electric conductor
and artificial muscle was experimentally developed using simple rubber rods coated with
carbon nanotube sheets to act as conducting surfaces. This material showed remarkable
properties as a stretchable conductor to be used in micro-sized electric circuitry, mor-
phing aircrafts, strain sensors and small-sized mechanical actuators (artificial muscles).
Motivated by this new experimental finding, we worked on providing the theoretical back-
ground to characterize this material and help with further development of it.
2.1 Fabrication and characterization
The material is fabricated by wrapping a number of layers of CNT sheets around
a strained cylindrical fiber core made of rubber. The process has four stages: first, the
rubber core is elongated to a size up to 15 times its original rest length, then it is wraped
with 𝑚 layers of highly aligned NTS with the CNTs oriented along the core axis, so they
run along the rubber length. These sheets are densified and adhere to the rubber. Finally
the rubber+CNT compound is allowed to contract and since the CNT layers provide some
resistance to compression, the compound material does not contract back to the original
length, but to a new rest length that is a little larger.
We named the material 𝑁𝑇𝑆𝑚@𝑓𝑖𝑏𝑒𝑟 where m is the number of layers of NTS
stacked around the core. Figures 1.A and 1.B shows a schematic drawing of the process
of fabrication and the resulting surface of the cylinder after contraction to the new rest
length.
It is apparent from the SEM images (Figures 1.C and 1.D) that upon retraction
the NTS surface forms buckles along two orthogonal directions on the cylinder surface:
the axial and azimuthal directions. This happens because the CNTs have a high mechan-
ical resistance to being compressed, and so they bend instead when driven by the rubber
contraction. Furthermore, the axial direction buckles have two distinct hierarchically ar-
ranged periods which we called short-ranged and long-ranged. These buckles appear after
the first contraction, tend to change shapes for the next few cycles of stretching and re-
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laxing, and are set permanently after a few cycles. They disappear when the material is
fully stretched back to fabrication length, and reappear when it is allowed to contract.
Figure 1 – Two-dimensional, hierarchically buckled sheath-core fibers. (A) Steps in the fabrication of
an 𝑁𝑇𝑆𝑚@𝑓𝑖𝑏𝑒𝑟.The circular arrow indicates the belt direction. (B) Illustration of the structure of a
longitudinal section of an 𝑁𝑇𝑆𝑚 sheath, showing two-dimensional hierarchical buckling.The fiber direc-
tion is horizontal. The yellow color in (A) and (B) represents SEBS rubber; the gray shells are NTS
layers. (C and D) Low- and high-resolution SEM images showing long- and short-period buckles for an
𝑁𝑇𝑆180@𝑓𝑖𝑏𝑒𝑟 at 100% applied strain.The fiber direction, which is the direction of the applied strain,
is horizontal and the belt direction is vertical.The fabrication strain was 1400%. (Adapted from Liu et
al.(14))
2.2 Electrical Conduction
One of the interesting properties of this new material is its behaviour as an electri-
cally conductive material. The 𝑁𝑇𝑆𝑚@𝑟𝑢𝑏𝑏𝑒𝑟 could retain its electrical resistance prac-
tically constant after around 200% stretch up to the max stretch when it reaches the
fabrication size. At strains less than 200% there is a sharp increase in resistance as it is
being stretched. This behaviour can be seen in Figure 2.A for various values of 𝑚.
We defined a quality factor𝑄 for our conductors as the ratio between the maximum
allowed strain and the percentage change in resistance. Since we want to have as much
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Figure 2 – The strain dependence of electrical properties for sheath-core fibers. (A) Measured data
points and predicted curves for the dependence of resistance on strain for 𝑁𝑇𝑆𝑚@𝑓𝑖𝑏𝑒𝑟𝑠 (black circles),
𝑟𝑢𝑏𝑏𝑒𝑟@𝑁𝑇𝑆50@𝑓𝑖𝑏𝑒𝑟𝑠 (red diamonds), and seven-ply 𝑟𝑢𝑏𝑏𝑒𝑟@𝑁𝑇𝑆90@𝑓𝑖𝑏𝑒𝑟𝑠 (red squares). 𝜎𝐶 and 𝜎𝐷
are conductivities in the axial direction and in the inter-buckle contact region, respectively. (B) Resistance
change versus strain for 𝑁𝑇𝑆𝑚@𝑓𝑖𝑏𝑒𝑟𝑠 under increasing strain (open circles) and decreasing strain (solid
circles). The inset shows the dependence of the available strain range and the maximum percent resistance
change on 𝑚. (C) Comparison of 𝑄 and the maximum reversible tensile strain for the sheath-core fibers
in our study and previous elastomeric conductors with a strain range ≥ 200%. Red squares (open for
𝑟𝑢𝑏𝑏𝑒𝑟@𝑁𝑇𝑆𝑚@𝑓𝑖𝑏𝑒𝑟𝑠, solid for 𝑁𝑇𝑆𝑚@𝑓𝑖𝑏𝑒𝑟𝑠) represent our results; blue symbols represent results
previously published in the literature, which are described in the table on the right.The arrow indicates
the direction of property changes (improvements) compared with previous results.. (Adapted from Liu et
al.(14) and references therein)
strain as possible with as little resistance change as possible, this is a good measure of the
quality of this family of materials as electronic components in microcircuits. Figure 2.C
shows that the experimentally achieved quality factor was much higher than previously
reported in literature.
If used with strains ranging inside the constant resistance part of the curve it
could be used as a conductor that can be downscaled to micron sizes and can stretch
enormously in proportion to its initial size on a variety of electronic applications such as
wearable micro-circuits or micro-fluidic device. If used on the range of electrical resistance
variation it could be used as a strain or motion sensor. A theoretical explanation of this
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behaviour of the NTS@fiber is advantageous in tailoring the fabrication to suit specific
needs.
Organized NTS made with a preferred direction of alignment of the CNTs are
highly conductive along the axial alignment direction and up to 20 times less conductive
along the perpendicular direction(15). This happens because tip-to-tip contacts of CNTs
are conductive, but wall-to-wall are not. We theorized that the resistance behaviour of
this material is caused by inter-buckles contact when the material is close to the rest
length. When the 𝑁𝑇𝑆@𝑓𝑖𝑏𝑒𝑟 is fully stretched, the nanotubes on the surface are fully
stretched and the conduction happens along the CNTs axis going through mainly tip-
to-tip contacts between nanotubes. As the fiber is contracting, the buckles form and get
progressively closer until they are close enough that some wall-to-wall contacts can be
established between neighboring buckles.
To investigate this possibility we developed a FEM model for the conducting sur-
face of the 𝑁𝑇𝑆@𝑓𝑖𝑏𝑒𝑟 simplifying it to a 2D section of the surface by taking advantage
of the axial symmetry of the system. The schematics for one period of buckling in an
intermediate state between fully stretched and fully compressed is shown in Figure 3. We
want to calculate the dependence of resistance on strain along the axis of the core.
Figure 3 – 2D model of the conducting surface of the 𝑁𝑇𝑆@𝑓𝑖𝑏𝑒𝑟. Only one period of buckling is shown,
we assume the short buckles are important and contact between them happen. The wave pattern is
simplified to a square wave on the surface of the material and radial symmetry is used. The horizontal
axis is the fiber axial direction, vertical axis is the radial direction and the axis pointing out of the page
is the azimuthal direction. The CNTs on the sheets run along the blue area following the curvature of the
buckles. The yellow area represent the contacting region between adjacent buckles, which contain rubber,
disordered CNTs, and air.
For the model, we defined two values 𝜎𝐶 and 𝜎𝐷 to represent conduction along the
CNTs preferred direction or perpendicular to it respectively. We also defined two regions
of uniform electrical conductivity such that 𝜎𝐷 = 𝜎𝐶/50. The NTS region, colored blue
on Figure 3, having a anisotropic conductivity which is 𝜎𝐶 on the direction of the CNT
orientation, and 𝜎𝐷 on the perpendicular direction. The contact region, colored yellow
on Figure 3, have a uniform isotropic 𝜎𝐷 conductivity. The exact values of conductivities
is not important, as they will serve as fitting parameters for the model. It is important
to notice that the yellow region is not composed of simply rubber, but some disordered
connections that are mainly due to wall-to-wall contact between CNTs.
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We used the software COMSOL Multiphysics (COMSOL Inc., Palo Alto-CA) to
run the FEM calculation by applying a difference of potential of 1𝑉 betwen the left and
right of an array of 10 periods of the described buckling. Under these conditions the FEM
calculations showed that the equipotential lines and consequently the current density
had the shapes shown on Figure 4 for a period of buckling away from the tips of the
𝑁𝑇𝑆@𝑟𝑢𝑏𝑏𝑒𝑟. Motivated by this finding, we proposed an analytical approximation to the
current conduction on the surface of the material as only vertical or horizontal (along the
axis or the radius of the fiber respectively) depending on the region.
Figure 4 – FEM calculation for the currents on the surface of the 𝑁𝑇𝑆@𝑓𝑖𝑏𝑒𝑟. The figure shows that the
current densities are practically only vertical or horizontal to a good approximation at each region.
With this approximation about the current conduction we also need other assump-
tions in order to calculate the final resistance of the 𝑁𝑇𝑆@𝑓𝑖𝑏𝑒𝑟 at any deformed state.
We assume the radius is big enough compared to the thickness of the conducting region
that we can consider this region as being a plane slab of sides 2𝜋𝑟 and 𝐿 where 𝑟 is the
fiber radius and 𝐿 it’s length, both on the fully stretched state and varying thickness from
𝑤 when fully stretched to some buckle amplitude 𝐴𝑚𝑎𝑥 when fully contracted. The value
of 𝜎𝐶 can then be obtained experimentally by measuring the resistance 𝑅𝑚𝑎𝑥 when fully
stretched and is given by 𝜎𝐶 = 𝐿/(2𝑅𝑚𝑎𝑥𝜋𝑟𝑤). Also, 𝑤 is proportional to the ammount
of layers 𝑚 in the 𝑁𝑇𝑆𝑚@𝑓𝑖𝑏𝑒𝑟.
We also assume the NTS is incompressible on the axial direction, and so the length
of the blue region in Figure 3 is constant. Therefore, there is a geometrical correlation at
any state of compression of the core between the deformed length of the fiber 𝑙, the NTS
layer thickness 𝑤, the thickness of the whole conducting slab 𝐴, and the original fully
stretched length 𝑙0 given by Equation S5.1 on Annex B.
By using this geometrical correlation and equating two line integrals of the electric
field along different paths through the conducting surface (one along the blue NTS region
and other straight through the middle of the horizontal/axial line) we arrive at equation
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S5.4 f Annex B which correlates the measured electrical resistance with strain.
1
𝑅
= 1
𝑅𝑚𝑎𝑥
+ 2𝜋𝜎𝐷𝑟
𝑚
1− 𝜆
𝜆
(2.1)
Where 𝜆 is the ratio between strained length and original fully stretched length
𝜆 = 𝑙/𝑙0 and 𝑅 is the deformed resistance. It is interesting to notice that this has the
exact form of an equivalent resistance of two individual resistances associated in parallel,
with one of them being the maximum stretched resistance and the other being dependent
on the deformed length which comes from our physical interpretation of two concurring
conduction pathways.
In order to mitigate even more the change in resistance we may coat the𝑁𝑇𝑆@𝑓𝑖𝑏𝑒𝑟
with another thin layer of rubber, making the contact between buckles even less conduct-
ing, which produces a high quality constant resistance material under strain as evidenced
by the red data plot with diamond points on Figure 2.A. This was named following the
established convention as 𝑟𝑢𝑏𝑏𝑒𝑟@𝑁𝑇𝑆𝑚@𝑓𝑖𝑏𝑒𝑟, where we coated a 𝑁𝑇𝑆50@𝑓𝑖𝑏𝑒𝑟 with
a layer of insulating rubber and the resistance change even for the range ≤ 200% strain is
practically zero. Also, for applications that actually require or benefit from a large change
in resistance (such as strain sensors) we may use a harder rubber to force the long-period
buckles to also contact, thus generating larger resistance drops in the small strain range.
Figure 5 – Resistance model fitting for 𝑁𝑇𝑆100@𝑓𝑖𝑏𝑒𝑟. The experimentally measured conductivity of the
stretched state fits the higher strain range resistance and the fitting parameter 𝜎𝐷 describes the behaviour
on the low strain range. After 200% strain the resistance is practically constant. 𝑚 is the number of CNT
sheet layers.
The resulting model has only one fitting parameter that can not be obtained by
direct experimental measurements, which is the low conductivity of the contact region.
Figure 5 shows the fitting for the 𝑁𝑇𝑆100@𝑓𝑖𝑏𝑒𝑟 in higher resolution. Figure 2.A shows
the fitting for values of 𝑚 ranging from 1 to 200. The ratio between 𝜎𝐶 and 𝜎𝐷 is also
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shown on the figure. This ratio is consistent with the hypothesis that the contacts happen
in a wall-to-wall fashion between CNTs and is further decreased by the rubber.
2.3 NTS@rubber@NTS@fiber electric actuators (artificial muscles)
Another possible application for the 𝑁𝑇𝑆𝑚@𝑓𝑖𝑏𝑒𝑟 material is as an elastomer-
based artificial muscle. This kind of actuator has been realized before in literature (16), but
the particularities of this material make it a better actuator in many aspects. The bigger
difficulties with this kind of actuator comes from the necessary compliant electrodes,
which are usually thin metal layers or gelatinous material that suffers from fatigue and
hysteresis effects.
2.3.1 Tensile actuation
Figure 6 – Usual elastomeric actuator configuration. The parallel plate capacitor with compliant electrodes
expands in the plane directions when charged. Figure addapted from Mirfakhrai et al. (16)
The usual configuration for an elastomeric actuator is a parallel plates capacitor
filled with an elastomer as shown if Figure 6. When the plates are charged the resulting
coulombic forces squish the elastomer, which expands on the orthogonal directions as a
result. The electrodes must be able to accommodate the area change of the elastomer
when the plates of the capacitor pressure it.
Based on our 𝑁𝑇𝑆𝑚@𝑓𝑖𝑏𝑒𝑟 we developed a 𝑁𝑇𝑆𝑛@𝑟𝑢𝑏𝑏𝑒𝑟@𝑁𝑇𝑆𝑚@𝑓𝑖𝑏𝑒𝑟 actu-
ator by applying a second thick layer of rubber and NTS over it, which amounts to a
cylindrical capacitor with compliant electrodes, in this case the NTS. The NTS adds very
little resistance to deformation if not pulled beyond its maximum range, because all that
is being done to it is bending the sheet to form the buckles instead of actual compression
of CNTs. It is fully reversible, with no hysteresis or fatigue detected after 2000 repetitions
of stretching and releasing cycle.
By the same principle of the plane capacitor configuration, when the plates of the
cylindrical capacitor are charged the resulting coulombic attraction forces the rubber to
extend on the axial direction. Figure 7 shows the schematics for this cylindrical capacitor
with the relevant dimensions.
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Figure 7 – Schematics of the 𝑁𝑇𝑆@𝑟𝑢𝑏𝑏𝑒𝑟@𝑁𝑇𝑆@𝑓𝑖𝑏𝑒𝑟 cylindrical capacitor used as electrical actuator.
Inner radius is 𝑎, outer radius is 𝑏 and length is 𝐿. Both the core and the sheath are made of rubber, the
core being softer than the sheath.
To understand the possible advantages of this configuration besides the ones al-
ready mentioned and to optimize the fabrication of this novel kind of actuator, a model
that correlates the applied voltage with tensile actuation is needed. Various such actuators
were fabricated with different dimensions (internal and external radius, length, number
of NTS coating) and also different rubber materials for the interior core and exterior shell
to investigate the influence of these parameters on the efficiency or stroke size. An actu-
ation model was also important for the understanding of the work capacity and energy
efficiency we could expect from these actuators.
We assume both rubbers (core and sheath) are completely incompressible and
therefore the volume is conserved. Also, we neglect the stretching/compression resistance
of the NTSs that compose only a small fraction of the mass of the whole structure, than
the whole composite cylinder must deform as a solid cylinder of rubber. This imposes
geometrical constraints on the rest and actuated states. Let 𝐿0, 𝑎0 and 𝑏0 be the length,
inner radius and outer radius of the material before actuation and 𝐿, 𝑎 and 𝑏 the same
after the plates have been charged by applying a potential difference of 𝑉 between the
two plates. We also define 𝜆 the ratio of actuated length to rest length 𝜆 = 𝐿/𝐿0. Volume
conservation for the core alone and the whole set gives
𝐿0𝜋𝑎
2
0 = 𝐿𝜋𝑎2 ⇒ 𝑎 = 𝑎0/
√
𝜆 (2.2)
𝐿0𝜋𝑏
2
0 = 𝐿𝜋𝑏2 ⇒ 𝑏 = 𝑏0/
√
𝜆 (2.3)
𝑎
𝑏
= 𝑎0
𝑏0
(2.4)
During actuation experiments, the 𝑁𝑇𝑆@𝑟𝑢𝑏𝑏𝑒𝑟@𝑁𝑇𝑆@𝑓𝑖𝑏𝑒𝑟 was kept hanging
from a support from one end and kept under tension by a small weight on the other
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end. Typical actuation strokes were around 10% (this means the actuated length was
10% larger than the rest length under tension from the weight). From the typical stress-
strain curve of rubber, we know that Young’s modulus is dependent on strain, but for
this relatively small length variation around the actuating rest position we considered it
to be constant.
From this point we can apply energy balance considerations to get a correlation
between applied voltage and actuated length. Physically, the external source providing
the current to keep the electrical potential difference between the plates is providing the
energy necessary to stretch the capacitor.
The energy coming from this external source of electric current, at constant voltage,
must be divided between mechanical potential energy stored in the rubber deformation
and electrical potential energy stored in the capacitor itself, assuming that the losses by
Joule heating is negligible.
Increasing the length of the capacitor increases the capacitance, prompting a fur-
ther increase in the charge of the plates. From this effect comes the demand to get more
current from the external source. The cost of doing so is the energy that must be spent
as elastic energy to stretch the rubber. When both of these effects cancel out we arrive at
the rest position of the actuated muscle. Further detailed deduction is available at Annex
B from equations S6.1 to S6.8.
The resulting expression is physically equivalent to an extension force being added
to capacitor of magnitude 𝐹 = 𝜋𝜖𝑉 2ln 𝑏/𝑎 which causes a stroke of
Δ𝐿 = 𝜖𝐿0𝑉
2
𝐸𝑏2 ln 𝑏/𝑎, (2.5)
where 𝜖 is the electrical permittivity of the sheath rubber and 𝐸 is the Young’s modulus
of the whole capacitor. Figure 8.A shows the fit of this expression to experimental data.
2.3.2 Torsional actuation
Since the tensile actuation has the effects of increasing the length and reducing
the radius of the capacitor, and both of these effects contribute to reducing the torsion
spring constant of a rubber rod we applied the material to a new kind of actuation.
Torsional actuation can be achieved by having a return spring attached to a pre-twisted
𝑁𝑇𝑆@𝑟𝑢𝑏𝑏𝑒𝑟@𝑁𝑇𝑆@𝑓𝑖𝑏𝑒𝑟 maintaining it under torque. If we start with this pre-twisted
actuator and apply voltage, the tensile actuation will cause its torsion spring constant to
diminish, and therefore, if the torque is kept constant, the fiber will tend to uptwist, taking
some twist from the return spring or "twist reservoir". Figure 9 shows this experimental
setup.
Chapter 2. Hierarchically buckled sheath-core fibers 23
Figure 8 – Maximum equilibrium muscle strokes and maximum rotation speeds obtained using a single
voltage step for 𝑁𝑇𝑆10@𝑟𝑢𝑏𝑏𝑒𝑟@𝑁𝑇𝑆20@𝑓𝑖𝑏𝑒𝑟.(A) Theoretical (dashed curves) and experimental data
points showing the dependence of the rotation angle and tensile stroke on the electric field for an iso-
barically operated single-ply muscle, plied using 3.20 turns/cm of twist. The inset shows the relationship
between the maximum rotation speed and the torsional stroke. (B)The dependence of the rotation an-
gle, rotation speed, and tensile stroke on the inserted twist for the single-ply muscle in (A), operated
isobarically at a field of 10.3 MV/m. Figure addapted from Liu et al. (14)
Figure 9 – Schematics for experimental setup of NTS@rubber@NTS@fiber as torsional actuator. The
actuator and return spring are pre-twisted by inserting twist from the bottom by holding the top support
and twisting the bottom one. After that, both supports are kept fixed and not allowed to rotate. The
paddle in the midle is used to measure actuation angle.
In this assembly we are able to change the torsion spring constant 𝐾 of our active
element by applying voltage, and there is a passive element (the return spring) to twist the
actuator. The torque provided by the return spring during actuation can not increase, and
our objective is to achieve the maximum possible stroke, so the torque should remain as
constant as possible. This means using a very soft material in comparison to the actuator
and inserting a lot of twist in it.
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In the resting state, the torque on the junction between return spring and actuator
is balanced out between the two. After actuation, the value of 𝐾 for the actuator changes
and in order for the torque to be balanced it must uptwist. Let 𝐾𝑠 be the torsion spring
constant for the return spring, 𝒯0, 𝒯𝑎, Θ0, Θ𝑎 be the initial and actuated torque on the
junction generated by the return spring, and twist respectively, then
𝒯0 = 𝐾𝑠Θ0, (2.6)
𝒯𝑎 = 𝐾𝑠(Θ0 −Θ𝑎), (2.7)
𝒯𝑎
𝒯0 = 1−
Θ𝑎
Θ0
. (2.8)
And in this case, if Θ0 is very large, the actuation can be said to happen at constant
torque 𝒯𝑎 ≈ 𝒯0.
As mentioned before for the tensile actuation, the Young’s modulus (and con-
sequently the shear modulus) of rubber depends on its deformation. For the torsional
actuation this is even more important. A way to correlate the tensile actuation with the
change in spring constant would be to use the well know formula for 𝐾 = 𝜋𝐺𝑟42𝐿 , where
𝐺 is the shear modulus, 𝑟 is the radius and 𝐿 the length of a rod. This would predict a
much greater decrease of 𝐾 with respect to 𝜆 = 𝐿/𝐿0 than measured. This expression
for 𝐾 assumes a constant Young’s modulus, but in reality for rubber it is dependent on
deformation as evidenced by the stress-strain curve for the rubber used in the actuators
in Figure 10.
In order to fit the stress-strain curve and get a good prediction for the 𝐾 as a
function of 𝜆 we must use a hyperelastic neo-Hookean model(17). We assume the cylinder
is twisted without coiling, so it retains its cylindrical shape. This model is able to predict
the softening of the rubber after is has been stretched but fails to account for the sub-
sequent stiffening. A complete deduction can be found on Annex B section 7, Equations
S7.1 to S7.3.
According to Equation S7.3 the torsional stroke 𝛿Θ should grow linearly without
bounds in respect to the amount of pre-inserted twist. Figure 8.B shows this is not true
and the torsional actuation eventually reaches a plateau after too much twist. The neo-
Hookean model does not account for the stiffening of the rubber that occurs after it has
been deformed greatly, and that is the reason for this failure to predict the actuation
for large inserted twist. The model predicts the rubber is going to get softer the more
deformed it is, which is true for medium range of strains, but not for very large ones.
Also, the more inserted twist the greater the torque that is being applied on the junction,
therefore the actuation would always increase with inserted twist. Nonetheless, this model
is good enough to predict the linear region of the graph before the plateau is reached.
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Figure 10 – Stress-strain curve for the rubber used on the actuators. The dependency of Young’s modulus
with strain is shown by the curvature of the graph. For low strains ≤ 100% the modulus is almost constant,
than it decreases between 100% and 175% and increases again from there until the failure point.
2.4 Motion/Strain sensor
Yet another possible application for this class of materials is as a strain sensor
with large reversible strain ranges. For this application we need the material’s resistance
to change as much as possible while stretching. By using what we learned from the previous
applications we created an uncoated 𝑁𝑇𝑆@𝑟𝑢𝑏𝑏𝑏𝑒𝑟 that can have a variable resistance
that can be used to measure strains up to approximately 600%.
The idea is to force the contacts between buckles by using a thin layer of NTS and
a stiff rubber. In this case the resistance will decrease not only by the contact between
short-range buckles but also long-range ones. This collaborative work is detailed in Annex
C where we have the paper in an advanced stage of being formatted to submission.
2.5 Thermal actuation
The most recent work derived from the main one is about another way of actuating
the material by heating the rubber. As is commonly understood, rubber anomalously
contract when heated because of entropic effects. When rubber is stretched, the polymer
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chains that compose it align themselves thus reducing entropy. When it is heated, the
chains must become more disordered and so the rubber contracts, especially if it has been
pre-strained by a load.
Thermal actuation can be used in some interesting applications such as energy
harvesting from waste heat originating in industrial processes or for applications where
range of actuation is more important than speed, since the rate of actuation for thermally
activated muscles is much inferior to electrical ones. We fabricated a 𝑁𝑇𝑆@𝑓𝑖𝑏𝑒𝑟 com-
posite material that when pre-strained and heated by Joule heating by running electrical
current through it, actuates by contracting.
When voltage is applied, energy is continuously given to the system by an electrical
source of current. Some of this energy is stored as elastic or thermal energy, but we can
get a relation between actuation and voltage by considering only the final stationary state
where all energy given by the current source is being dissipated as heat.
The power provided from the external source is 𝑃𝑒 = 𝑉 2/𝑅 where 𝑉 is the applied
voltage and 𝑅 is the material resistance, which is considered to be constant inside the
actuating range. Heat loss arises from conduction, convection and irradiation in order of
importance. These phenomena depend on the area of the material, which is related to
𝜆 = 𝐿/𝐿0, so we assume the heat loss is proportional to 𝜆0.5. Also, it must be in general
proportional to the difference of temperature between the rubber and surrounding air.
Therefore, the power dissipated as heat is 𝑃ℎ = 𝐾𝜆0.5(𝑇𝑎 − 𝑇0) where 𝐾 and 𝛼 are
constants to be determined, 𝑇𝑎 is the actuator equilibrium temperature andt 𝑇0 is the
room temperature.
Following the simple freely joined chains model(18) we consider the rubber to be
composed of long polymer chains where each rigid monomer has length 𝑏 and the chains
have an average number of polymers 𝑛. The distance 𝑟 between the end-points of the
chains are randomly distributed with a Gaussian probability
𝑃 (𝑟, 𝑛)𝑑𝑟 = 4𝜋𝑟2
(︃
2𝑛𝑏2𝜋
3
)︃−3/2
𝑒𝑥𝑝
(︃−3𝑟2
2𝑛𝑏2
)︃
𝑑𝑟, (2.9)
each chain does not interact with neighbors, and, nanoscopic deformations scale up to the
macroscopic scale.
Assuming every micro-state of this ideal chain to be equally probable, then 𝑃 (𝑟, 𝑛)
is proportional to Ω(𝑟), the number of micro-states with distance 𝑟. Therefore, the entropy
of the rubber is
𝑆(𝑟) = 𝑘𝑏 ln Ω(𝑟) = 𝑘𝑏 ln𝑃 (𝑟, 𝑛) +𝐾 (2.10)
Ignoring the constant factor 𝐾
𝑆(𝑟) = 𝑘𝑏
3𝑟2
2𝑏2𝑛 +
3
2𝑘𝑏 ln
3
2𝜋𝑏2𝑛 (2.11)
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and the Helmholtz free energy is 𝐴 ≈ −𝑇𝑆, where 𝑇 is the temperature. We ignore the
internal energy term because we are assuming only entropic effects matter and thermal
internal energy change is negligible. At last, the force necessary to stretch the rubber is
𝐹 = −𝑑𝐴
𝑑𝑟
= 𝑘𝑏𝑇
3
𝑏2𝑁
𝑟. (2.12)
This force is equivalent to Hooke’s law, but the spring coefficient is linearly dependent on
𝑇 . We will assume, although this model is too simple to capture the rubber behaviour far
from relaxation, this dependency on temperature is true as justified by experiments(19).
The last complication is, as before, the spring coefficient is also dependent on the
deformation of the rubber which is contained on the parameter 𝑏 of the previous equa-
tions. By employing the more accurate phenomenological Mooney-Rivlin hyperelasticity
model(20) we get
𝐸 =
(︂
𝜆− 1
𝜆2
)︂(︂
𝐶1 +
𝐶2
𝜆
)︂
𝑇 (2.13)
where 𝐸 is the spring coefficient, 𝐶1 nad 𝐶2 are constants that characterize the rubber,
measured from its stress-strain curve, and 𝜆 = 𝐿/𝐿0 is the ratio between equilibrium
actuated length and rest length.
The experimental assembly is exactly the same as the electrically driven muscle,
so the actuator is pre-stretched by a hanging weight that applies a load force 𝐹𝑙. So, at
the rest state 𝐹𝑙 = 𝐸(𝑇0, 𝜆0)𝐿0 and at the actuated state 𝐹𝑙 = 𝐸(𝑇𝑎, 𝜆)𝐿. Substituting 𝐸
from Equation 2.13 on the power balance equation 𝑃𝑒 = 𝑃ℎ we get
𝑉 2
𝑅
= 𝑇0𝐾𝜆0.5𝑎
(︃
(𝜆0 − 1/𝜆20) (𝐶1 + 𝐶2/𝜆𝑎)
(𝜆𝑎 − 1/𝜆2𝑎) (𝐶1 + 𝐶2/𝜆𝑎)
− 1
)︃
(2.14)
where the subscripts 0 and 𝑎mean at rest under ambient temperature and at rest actuated
length, respectively.
We can group all the experimentally measurable constants into a single one called
𝐴 for simplicity, and be left with only one fitting for each particular curve for different
applied voltage. Finally, we have a correlation between actuation, applied voltage and
initial load.(︁
1 + 𝐴𝜆−0.5𝑎
)︁ (︁
𝜆𝑎 − 1/𝜆2𝑎
)︁
(𝐶1 + 𝐶2/𝜆𝑎) =
(︁
𝜆0 − 1/𝜆20
)︁
(𝐶1 + 𝐶2/𝜆0) (2.15)
This equation can be numerically solved for 𝜆𝑎 and Figure 11 shows the fitting of
this equation to actuation curves. Each curve has a fixed voltage and different starting
loads for the points. A paper in early stage of formatting for publishing on this subject is
available in Annex D.
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Figure 11 – Fitting of the theory to thermal actuation at different constant voltages. The points are
experimental data, and the curves are the ones predicted by theory
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3 VIPs - Virtually Imprinted Polymers
In this part of the work we introduce two new ways of looking at the design process
of molecularly imprinted polymers (MIPs). These approaches have been tested using the
available data for the imprinting of the target substance 17-𝛽-estradiol(21, 22), where we
know from experimental trials a small library of good and bad functional monomers for
the imprinting.
The first approach is based on molecular dynamics to aid in the rational design
of new MIPs, while also providing evidence about the underlying mechanisms of the im-
printing. This protocol, that we called Virtually Imprinted Polymers (VIPs), is based
in reproducing the imprinting process and subsequent experimental testing with a com-
putational simulation. Currently, it is very time consuming to do all the experimental
work needed to design a new MIP based basically in informed guesses and combinatorial
analysis. With this new protocol, we hope to be able to screen a large library of possible
polymers and select the most desirable ones to the development of a new MIP. A report
on this work is submitted for publication and available in Annex E.
The second one is based on the electronic index methodology. We characterize
the candidate FMs based on quantum descriptors of the molecular orbitals energy levels
and local density of states of the electronic distribution over a region of interest. These
descriptors are then correlated with the monomers suitability as an imprinting FM. Using
a training set of previously experimentally tested monomers we were able to predict with
certainty the suitability of new untested monomers, both good and bad, showing that the
methodology has potential do be widely applied. The resulting paper draft is available in
Annex F.
3.1 Understanding MIPs
Polymers are long macromolecules made of long chains of monomers. A monomer is
a small organic molecule that contains a polymerizable group. The polymerizable group is
usually a double-bonded carbon atom and the polymerization process consists of breaking
these double bonds and allowing each monomer to link to the next one, forming the long
chains that compose the polymer.
MIPs are a class of molecular recognition materials based on polymers. The key
idea is to generate a polymer that is able to bind with a target substance and can act as a
sensor to the presence of this substance in solution, or to separate this substance from the
solution. This principle is similar to the lock-and-key mechanism of natural enzymes(23).
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Although various MIPs have been successfully developed and applied to a variety of target
substances(24), the exact mechanism by which they work is still not elucidated. Hence, the
design process is very limited to a trial-and-error approach where a library of monomers
is tested against an intended target under different synthesis conditions until a suitable
MIP is formed.
These polymers can be used as an alternative to other tests like immunoassays and
chromatography with lots of advantages. The biggest advantage is that usually these tests
require single-use reagents that are expensive, while a MIP can be re-utilized hundreds of
time before wearing out, since its basically a hard plastic. For the same reason it is very
physically and chemically stable, and has a long shelf life.
Figure 12 – Formation of the MIP binding cavity during synthesis and future rebinding. The target
substance is left to interact in a solution containing the functional monomers, solvent and a crosslinker.
After the polymerization the target is removed leaving a binding pocket that is able to rebind later with
the target in a test solution. Figure adapted from (23)
The current understanding of how a MIP works is based on binding cavities formed
inside the polymer matrix. Figure 12 shows how the cavities form and actuate. First, the
target substance is dissolved in some organic solvent into a solution containing one or more
functional monomer (FM) that is able to interact with the target in some non-covalent
way, by hydrogen bonding mostly in our case. In the solution there is also a cross-linker,
a non-interacting monomer that serves as the backbone to form the bulk of the polymer.
This pre-polymerization solution is polymerized and binding pockets are formed
around the target molecules that have basically its chemical imprint. After polymerization
the MIP is ground and washed, to expose these pockets and to eliminate the target
substance from within it. Finally, if this polymer powder comes in contact with another
solution containing the same target substance, it will be able to rebind to it. This rebinding
can be detected by measuring some physical or chemical change in the polymer, to generate
a readable signal. Due to the random nature of polymer chains inside a solid polymer,
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direct observation of these binding cavities or computational simulations of the same are
very hard.
The combinatorial method consists in generating a lot of candidate polymers by
using various combinations of different FM, crosslinkers, solvent and relative concentra-
tions of these for the same target. When all these MIPs candidates are made, as a control,
a non imprinted polymer or nMIP is also synthesized for each FM, but without the target
substance in the pre-polymerization solution. This is a "blank" completely random poly-
mer. Any kind of solid polymer beads will retain some of the substance being analyzed,
it will only be considered an actual MIP if it is able to retain the substance significantly
more than the control polymers. This is called measuring the affinity of the MIP to the
target substance, or how strong it is able to rebind it. Another important characteristic of
the MIP is selectivity. It must be able to rebind the target substance and, ideally, nothing
else, or the polymer would generate false positive results if used as a detector.
Figure 13 – Typical HPLC result for MIP testing. The peaks show the time it takes for the substance
to flow through the packed MIP column. Peaks on the MIPs are to the right of the ones on the control
polymers runs. Also MIP peaks are broader than control peaks, thus indicating a more gradual release
of the substance. Figure adapted from (25)
The experimental assessment of the usefulness of the MIP to take both of these
factors into account is a high performance liquid chromatography (HPLC) experiment. In
this experiment, after grinding the polymers are packed into a column, which is called the
stationary phase. A solution containing the target substance and some analog substances
that are chemically similar to the target is the mobile phase that will be washed through
the column. The machine measures the retention time by monitoring the output of the
flow. Figure 13 shows a typical HPLC result for a MIP study(25). The peaks represent the
substance leaving the stationary column, the longer it takes the more its being retained by
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the MIP. Also, MIP peaks are broader indicating a more gradual release of the substance
that had been interacting with the MIP instead of just passing through the column.
3.2 Classical molecular dynamics simulations
In molecular dynamic simulations, the molecules are coded as parameters that
describe the physical characteristics of the atoms (mass, charge, position, velocity) and of
the bonds between them. Theses parameters are inserted in a formula for the energy of a
force field. In our case, we selected the AMBER(26) force field defined by the empirical
energy equation:
𝐸 =
∑︁
𝐾𝑟(𝑟𝑖𝑗 − 𝑟𝑒𝑞)2 +
∑︁
𝐾𝜃(𝜃𝑖𝑗𝑘 − 𝜃𝑒𝑞)2 +
∑︁ 𝑉𝑛
2 [1 + 𝑐𝑜𝑠(𝑛𝜑𝑖𝑗𝑘𝑙 − 𝛾)]
+
∑︁ {𝜖𝑖𝑗
⎡⎣(︃𝑟𝑚
𝑟𝑖𝑗
)︃12
− 2
(︃
𝑟𝑚
𝑟𝑖𝑗
)︃6⎤⎦+ 𝑞𝑖𝑞𝑗
𝜖𝑟𝑖𝑗
}
(3.1)
The first term is the bond energy, it is a simple harmonic potential. 𝐾𝑟 is the
bond force constant, 𝑟𝑖𝑗 and 𝑟𝑒𝑞 is the distance between atoms 𝑖 and 𝑗 and the equilibrium
distance between them. Summation is over all bonded pairs of atoms. The second term
is also simple harmonic but for angles, analogous to the first one but summation is over
all sets of three 𝑖, 𝑗, 𝑘, joined by 2 bonds forming an angle. The third term is a dihedral
potential and involves sets of 4 atoms 𝑖, 𝑗, 𝑘 and 𝑙. It models the energy required to
twist bonds out of plane. For example, single bonds can rotate freely, double and triple
bonds can not. 𝑉𝑛 is also a force constant, 𝑛 is the multiplicity of the rotation, 𝜑 is
the rotation angle and 𝛾 is the equilibrium angle. The fourth term deals with non-bonded
interactions and contains one 6-12 Lennard-Jones potential part, where 𝜖𝑖𝑗 is the potential
well magnitude and 𝑟𝑚 is the minimum of energy separation between atoms 𝑖 and 𝑗.
Finally, also on the non-bonded term the last part is the coulombic interaction where 𝑞𝑖
and 𝑞𝑗 are the charges of atoms 𝑖 and 𝑗, 𝜖 is the vacuum dielectric constant. Non-bonded
interactions are calculated for all pairs of atoms that are not part of a bond/angle/dihedral
and are within a cutoff limit distance of each other to expedite the simulation. All the
parameters for this potential energy are obtained by first principle quantum simulations
and attempts to more closely match real measurable quantities for knows substances.
In our case, hydrogen bonds will be a very important interaction. In addition to
this canonical AMBER force field terms, we also added a hydrogen bond term of the form
𝐸 =
∑︁ [𝑟2𝑜𝑢𝑡 − 𝑟2]2[𝑟2𝑜𝑢𝑡 + 2𝑟2 − 3𝑟2𝑖𝑛]
[𝑟2𝑜𝑢𝑡 − 𝑟2𝑖𝑛]3
×
𝜖𝑖𝑗
⎡⎣5(︃𝑟𝑚
𝑟𝑖𝑗
)︃12
− 6
(︃
𝑟𝑚
𝑟𝑖𝑗
)︃10
𝑐𝑜𝑠𝑛𝜃ℎ𝑏
⎤⎦ (3.2)
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where 𝑟 is the distance between acceptor and donor atoms, 𝑟𝑜𝑢𝑡 and 𝑟𝑖𝑛 are two cutoffs
distance. This potential is zero if the distance 𝑟 is smaller than 𝑟𝑖𝑛 or bigger than 𝑟𝑜𝑢𝑡.
And 𝜃ℎ𝑏 is the angle formed by donor, hydrogen and acceptor atoms. Summation is over
all the pairs of hydrogen bonds donor/acceptors. This potential contribution serves to
model the hydrogen bonds between the molecules of the simulation.
After calculating the potential energy, the simulation program obtains the forces
over each atom from the spatial derivative of the potential. By applying these forces, the
simulation is advanced by solving Newton’s laws of motion in small increments of time
called timesteps. If the timestep is small enough the force may be considered constant
during this interval. After each timestep the potential energy is recalculated and the
process is redone. In order to simulate the effect of temperature a Nose-Hoover chain
thermostat formulation was applied(27). This technique consists in modifying the kinetic
energy part of the Hamiltonian in order to generate a trajectory of the system consistent
with a system that is in contact with a heat reservoir at a constant temperature by
adjusting the kinetic energy of the constituent atoms.
All simulations were carried out by using the software LAMMPS(28), AMBER
force-field and GAFF(26) parameters. This force-field and parameters where chosen be-
cause they represent well small organic molecules which is the focus of the simulations.
3.3 Virtual imprinting
In this section we describe the computer simulation protocols designed to mirror
the experimental process of testing a MIP. The obvious advantage is the cut back in
the time needed. Ever increasing computational power should cut the time needed even
shorter. The first step is to model the imprinting process. Because we assume the only
important interaction for the imprinting comes from the FM, we ignore the cross-linker.
After imprinting, we do the virtual chromatography by simulating a nanometric tube of
MIP and forcing a solution containing the solvent through it. We model a pore inside
the polymer as a cylindrical shaped pore. This pore wall is lined with FM, that are
imprinted by being put in contact with the target molecule. After that, this imprinted
pore is compared to a non-imprinted regularly arranged tube of the same size using the
flow induced by a difference of pressure during the virtual chromatography. Figure 14
shows the idea behind this process.
Most previous attempts at computational simulations applied to MIPs have dealt
with statistical Monte Carlo methods and were aimed at calculating the binding energy
between the target molecule and functional monomers(29). Although such approaches
are good to prove affinity they are largely unable to rank selectivity, since the binding
energy will be necessarily close between FM and two analog molecules. Also, it must either
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Figure 14 – Approximating the imprinted pore in a MIP for a cylindrical pore. Since the format of
imprinted binding pockets is unknown we simplify it by considering a cylinder. We then applied the
imprinting and chromatography protocols.
make assumptions about the binding pockets geometry or spend a long time in statistically
exhausting the possibilities. Some attempts at molecular dynamics have appeared recently
on literature (30) but it remains a hot topic.
First we create a ring of regularly spaced FM where the chemically important
functional group is pointing to the center of the ring and the polymerizable group is
sitting on the edge of it. In our case the important groups are the ones able to make
hydrogen bonds with the target. These monomers are assumed to be linked do polymer
chains outside of the cylinder, and as such the double bond from the polymerizable group
is converted to a single bond in order to better simulate its freedom of movement. Charge
distribution is also calculated using this modified molecule. These rings are then copied
along an axis (labeled Z) to form a cylinder. Each ring is rotated by 30 degrees from the
previous one. This ordered tube is considered our control or nMIP.
The imprinting process itself is simulated by filling the tube with a solution con-
taining solvent and the target molecule and running a molecular dynamics simulation at
constant temperature of 100K. The small temperature is used to facilitate minimum en-
ergy configurations between the target and FM. After initial equilibration, which consists
of minimizing the energy of the system by moving the molecules of the fluid while holding
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the tube walls in place, we let the simulation run while counting the number of hydrogen
bonds formed between FM molecules and target. During the run, the atom that would
be polymerized on the molecules of FM that composes the wall are allowed to move on
the axial direction but fixed on the perpendicular directions. Eventually these hydrogen
bonds reach a stable maximum amount and we consider the resulting state of the tube as
the imprinted geometry. Figure 15 shows a typical hydrogen bonds counting graph for a
simulation. Because the FM are free to move on the axial direction it is common for the
imprinted tube to be a little shorter than the original ordered tube.
Figure 15 – Typical hydrogen bonds counting graph. After a number of simulation timesteps, the number
of hydrogen bonds reach a stable maximum and we have an imprinted tube.
3.4 Virtual chromatography
After the imprinting process we get to the evaluation part of the procedure, where
both the MIP and nMIP are evaluated to measure the retention time for each sub-
stance: target and analogs. The imprinted and non-imprinted tubes are filled with solvent
molecules and a reservoir of them is put just outside the beginning of the tube. A set of 50
molecules of each substance is put at the smallest possible section also at the beginning
of the tube. A force proportional to its mass was applied to each atom, resulting in a
uniform acceleration of the fluid, simulating a pressure difference between the beginning
and end of the tube. The applied acceleration was empirically adjusted until it was enough
to push the fluid through the tube in a reasonable simulation time while also allowing
the molecules to interact with the tube wall. The final value used for the acceleration was
2.0Å/(fs)2.
Retention time is measured by recording the time it takes for the molecules of
target and analogs to cross the length of the tube and come out on the end of it. This way
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we can generate a graph very similar to a HPLC experiment and compare the imprinting
efficiency in the same way. Figure 3 in annex E shows the obtained separation with the
MIP in constrat to the nMIP. On the ordered tube all the substances have a similar travel
time through the tube, being delayed only by normal interactions with the wall. On the
imprinted MIP tube, the target substance has a significantly delayed exit, or increased
retention time. Figure 16 shows the retention graphs for MIP and nMIP for the substance
E2. The graph represents the counting of 50 simulations with different starting positions
for the mobile molecules to average out fluctuation effects. Originally, on the nVIP all the
peaks coincide meaning that there is no preferential retention on any substance. Also, the
peaks are very thin which indicates all the molecules on all the runs just take around the
same time do pass through. On the other hand, on the VIP side, the peak for the target
substance is dislocated to the right, thus meaning a longer mean retention time. Also, the
peak is broader, which is also a sign of imprinting.
Figure 16 – Virtual chromatography retention time graph. The curves follow the histogram of counts for
the time each substance molecule takes to travel the tube length. On the VIP tube, the blue (target)
substance is shifted to the right and spread in time, evidences of successful imprinting.
3.5 MIPs design by Electronic Indices Methodology
Since the mode of actuation of MIPS and natural or artificial drugs or antibodies
seems to be a very similar and familiar lock-and-key mechanism, we decided to investigate
the applicability of the previously developed electronic indices methodology (EIM) to the
design of MIPs.
The EIM is based on finding correlations between a quantum mechanics charac-
terization of the active regions of molecules and its function. This methodology has been
proposed originally as a predictor of carcinogenic activity of poly-aromatic organic com-
pounds (31) and has since been applied to some other similar problems mainly in drug
design (32, 33, 34).
The method, as applied to the MIP design, consists in calculating the molecular
orbitals energies for the candidates to FM in a MIP and also the local electronic density
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over a specific reactive region depending on the proposed mode of interaction between
candidate FM and target substance. We then search for a correlation between these pa-
rameters and the suitability of the monomer using the data analysis methods of principal
component analysis (PCA)(35) and hierarchical clustering analysis (HCA). We used the
MOPAC(36) software package for the quantum calculations, aided by self-developed soft-
ware for the data analysis and visualization.
3.5.1 Hartree-Fock molecular orbitals calculation
The method used for the calculation of the molecular orbitals energies and local
density of states was the PM7 self-consistent field Hartree-Fock method(37). The funda-
ment for this method is the Fock operator that relies on some assumptions. We assume
the movement of the light electrons are independent of the movement of the heavy nu-
clei, so the nuclei can be regarded as stationary in respect to the electrons, this is the
Born-Oppenheimer approximation. The wavefunctions for the electrons are assumed to
be expanded in an incomplete basis consisting of one-electron wavefunctions (molecular
orbitals) and the electrons interact with each other and the nuclei only by a mean-field
approximation.
These conditions give rise to the Fock operator, which is equivalent to the full
Hamiltonian of the electron when the cited approximations are used to yield a single
electron wavefunction. The Fock operator 𝐹 is defined as
𝐹 [Φ𝑗] = ?^?𝑐𝑜𝑟𝑒 +
𝑁/2∑︁
𝑗=1
[︁
2𝐽𝑗 − ?^?𝑗
]︁
(3.3)
where Φ𝑗 are the molecular orbitals, ?^?𝑐𝑜𝑟𝑒 is the one-electron core Hamiltonian, 𝐽 is the
Coulomb operator, and ?^? is the exchange operator. The sum runs over all the 𝑁 electrons
in the system, and we assume all orbitals are filled, so N/2 occupied orbitals exist. The
core Hamiltonian is the energy contribution of kinectic energy plus nucleus stabilization
energy
?^?𝑐𝑜𝑟𝑒 = −12∇
2 −∑︁
𝛼
𝑍𝛼
𝑟𝛼
(3.4)
where the summation is over the nuclei, 𝑍𝛼 is the nucleus charge, and 𝑟𝛼 is the distance
from the electron to the nucleus.
The Coulomb operator defines the electron-electron repulsion energy due to each
electron on the doubly-occupied orbitals.
𝐽𝑗Φ(r) = Φ(r)
∫︁ |Φ𝑗(r′)|2
|r− r′| 𝑑
3𝑟′ (3.5)
where Φ is the one electron wavefunction being acted uppon.
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Last, the exchange operator deals with the energy due to the exchange of one
fermion by another and the antisymmetry of the wavefunction.
?^?𝑗Φ(r) = Φ𝑗(r)
∫︁ Φ𝑗(r′)Φ(r′)
|r− r′| 𝑑
3𝑟′ (3.6)
where the same symbols from the previous equation holds.
The eigenvalue equation for the Fock operator is
𝐹 [Φ𝑗] = 𝜖𝑗Φ𝑗 (3.7)
The last step is to assume the one-electron wavefunctions are expanded in a basis
of K atomic orbitals, which are energy eigenfunctions of the hydrogen atom but with the
correct charge of the heavy nucleus.
Φ𝑖(r) =
𝐾∑︁
𝑗=1
𝐶𝑗𝑖Ψ𝑗(r) (3.8)
𝑆𝑗𝑖 =
∫︁
Ψ𝑖(r)Ψ𝑗(r)𝑑3𝑟 (3.9)
where Ψ are the atomic orbitals wavefunctions and 𝑆𝑖𝑗 is called the overlap matrix. In the
PM7 method we assume the atomic orbitals are orthogonal and so the overlap integral
is zero for any two orbitals and the matrix 𝑆 is the identity. The molecular orbitals are
therefore linear combinations of these atomic ones and the generalized Fock operator
eigenvalue equation becomes the Roothaan-Hall equation if we substitute equation 3.10
on 3.8
FC = SC𝜖⇒ FC = C𝜖 (3.10)
where F is the Fock matrix,C is a coefficients matrix and 𝜖 is the matrix of orbital energies.
We call this a generalized eigenvalue equation because the Fock matrix also depends on
C, the coefficients of the molecular orbitals on the expansion in atomic orbitals and this
problem is non-linear, in contrast with regular eigenvalue equations.
The Fock matrix elements are the projections of the operator on the chosen basis
𝐹𝑖𝑗 = 𝐻𝑐𝑜𝑟𝑒𝑖𝑗 +𝐺𝑖𝑗 (3.11)
where 𝐻𝑐𝑜𝑟𝑒𝑖𝑗 is the matrix element of the core Hamiltonian and
𝐺𝑖𝑗 =
∑︁
𝑙𝑚
𝑃𝑙𝑚
[︂
< 𝑖𝑗|𝑙𝑚 > −12< 𝑖𝑙|𝑗𝑚 >
]︂
(3.12)
𝑃 is the electronic density matrix
𝑃𝑖𝑗 = 2
𝑁/2∑︁
𝑘=1
𝐶𝑖𝑘𝐶𝑗𝑘 (3.13)
where indexes 𝑖, 𝑗, 𝑙, 𝑚 refer to basis functions and 𝑘 to molecular orbitals.
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Each atom in the molecule is assigned 4 atomic orbitals to form the basis of the
electronic wavefunctions: 1 𝑠 orbital and 3 p (𝑝𝑥, 𝑝𝑦 and 𝑝𝑧) orbitals. Each integral of the
kind ⟨𝑖𝑗|𝑙𝑚⟩ that is nonzero is given as a parameter fitted from experiments or other ab
initio calculations for any given pair of atomic orbitals, and this concludes the Hartree-
Fock method with the PM7 parameters ignoring overlap integrals.
Due to the non-linearity of the resulting matrix equation the actual method for
solution of this problem is to initialize the density matrix with an initial diagonal guess,
assuming the charge is evenly distributed among all the atoms in the molecule, use this
density matrix to compute a Fock operator, use this operator to solve the eigenvalue equa-
tion for a new set of coefficients 𝐶𝑖𝑗 that form a new density matrix and repeat this sequel
until the denstiy matrix converges. What we will be analysing are the resulting coefficients
of the density matrix 𝐶𝑖𝑗 that determines the molecular orbitals as eigenfunctions and
molecular orbital energies as eigenvalues.
3.5.2 Electronic indices Methodology
The obtained molecular orbitals energies and wavefunctions carry information
about the chemical activity of the molecule and its interactions with the environment. We
pay particular attention to the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) since inner occupied orbitals do not interact with
the molecule’s environment, specially by the kind of weak interaction we care about for
the MIPs. The energies of the 10 orbitals surrounding these two, labeled 𝐸𝐻𝑂𝑀𝑂, 𝐸𝐿𝑈𝑀𝑂,
𝐸𝐿+𝑛 and 𝐸𝐻−𝑛 with 𝑛 from 1 to 4 are taken as our firsts electronic indices.
Since each molecular orbital is discreet, the density of states around the orbital
energy can be described by a delta function centered on this energy(31). Furthermore, this
concept can be localized to a region of the molecule resulting in a local density of states
(LDOS), proportional to sum of the square of the coefficients of the molecular orbital
expansion on the atomic orbitals of the atoms present in this region of interest. We define
the quantities 𝐿𝐷𝑂𝑆𝑗 for each molecular orbital as this value
𝐿𝐷𝑂𝑆𝑗 =
∑︁
𝑘
⟨Φ𝑘|Ψ𝑗⟩2 (3.14)
where 𝑘 is the number of atomic orbitals used as the expansion basis, from the atoms
present in the region. The rest of our electronic indices are the LDOS for each of the
10 molecular orbitals calculated. The region of interest is selected for each individual
molecule as the region that contains the chemical functional groups able to interact with
the target substance. These 20 electronic indices form a "fingerprint" of each molecule
that can be viszualized in a graph as show in Figure 17.
With these 20 electronic indices that should contain the information about the
molecule’s ability to chemically interact with the target substance we use data analysis
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Figure 17 – EIM fingerprints for 2 functional monomer candidates 2VP and 4VP. The bars are located
on the molecular orbital energies, the bar height represents the LDOS and the energy values are printed
as differences between the orbital and the HOMO/LUMO energy. The substances 2VP and 4VP are very
chemically similar but show enough difference in the graph to be recognized as distinct.
tools PCA and HCA to determine similarities between groups of known suitable and
unsuitable functional monomers.The principles behind PCA and HCA can be easily de-
scribed.
In our case with the PCA we are trying to isolate the important parameters with-
out prior information. The measurements of N independent parameters generate a N-
dimensional vector space where each individual monomer is represented by a point whose
coordinates are the measured values (in our case, the 20-dimensional space of the elec-
tronic indices). We apply linear matrix algebra to find the two principal components,
defined as two orthonormal vectors that maximize the variance of the projections of our
dataset on these directions. Discarding the other 18 orthonormal basis vectors then and
keeping only these two allows us to retain most of the information contained in the dataset
and visualize regions of potential separation in a 2d plot graph. For example, suppose the
value for the third lower occupied molecular orbital is very similar in all of the dataset,
so discarding this value makes no difference if we are trying to find a separation between
suitable and unsuitable monomers.
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The HCA also treats the dataset as points in the same N-dimensional vector space
once we have eliminated the useless parameters. We measure the euclidean distance be-
tween each molecule in this space and group them together by distance in a hierarchical
order. We look for pairs of molecules that are mutual nearest neighbors, cluster them
together and take the point in the middle of the segment joining them as the new posi-
tion for this cluster. Repeat this process now grouping clusters into bigger clusters and
so on, this will generate a tree structure showing the groupings between molecules that
are close to each other in parameter space. Ideally, the highest level of clustering should
be to separate the monomers into two clusters of suitable and unsuitable for imprinting.
In our case we had a library of 9 monomers used for the imprinting of 17-𝛽-estradiol
previously classified as suitable and unsuitable for imprinting. Based on this small training
set we were able to determine a simple selection rule that clearly separated the monomers
two groups by suitability.
𝐿𝐷𝑂𝑆𝐻𝑂𝑀𝑂+2 >= 0.6 (3.15)
This rule was then applied to predicting the suitability of other previously untested
and widely different substances for the imprinting of 17-𝛽-estradiol. From the predictions
we selected 4 substances named VIM, HEAA, NTBA and IBMA (details about them
can be found on Anex F) to experimentally imprint the target substance and asess their
suitability. We chose these substances because they are very different among themselves,
being 2 predicted suitable and 2 predicted unsuitable. The end result of the experiments
confirmed our predictions on all 4 monomers.
42
4 Graphene kirigamis
Graphene is an allotrope of carbon consisting of a hexagonal planar lattice with
carbon atoms on the vertexes. It is a 2-dimensional material with remarkable mechanical,
electrical and thermal properties. Kirigami is the Japanese technique of cutting, folding
and gluing paper to generate 3d structures. It have emerged as a potential tool for the
design of mechanical metamaterials whose properties can be tailored using purely geo-
metric principles[1,2,3]. Graphene possesses exceptional mechanical properties, being a
2D planar material, with very high stiffness and strength, making it suitable to various
structural applications. However, graphene is also known to be brittle, fracturing easily
at small deformations. The kirigami concept have been applied to dramatically enhance
the stretchability of graphene, and here we use it to provide integrity when forced normal
to the plane.
By making use of a kirigami cut pattern, we removed parts of a graphene sheet
to generate a planar structure that deforms when pushed in the normal direction to
form a pyramid. We then used classical molecular dynamics simulations to characterize
the response of the material to load applied in this direction, showing we can get large
deformations with small load, and go way beyond normal graphene breaking deformation
limit. We also simulate ballistic impacts having a heavy silicon projectile hitting the
planar kirigami cut graphene, showing that this structure is better suited than unmodified
graphene in stopping the projectile, making it a good fit for ballistic protection material.
The traditional and better known origami technique consists of folding a sheet of
paper to generate 3-dimensional structures, whereas the kirigami is about cutting the sheet
for the same effect. This kirigami process has been applied successfully to graphene sheets
on the nanometric scale to generate interesting structures that have shown improvements
in properties (9, 38, 39).
In this chapter we aim to explore the structure formed by one particular pattern
of cuts that generate a "Graphene Kirigami Pyramid" using molecular dynamics simu-
lations. Some possible applications for this material include a nano-scale spring, fluid
valve or ballistic protection material. Recent experiments have been reported in form-
ing and characterizing this kind of structure (9). Figure 18 shows the pattern of cuts,
and a cut sheet of graphene to form our kirigami. When this structure is deformed by
pulling/pushing the middle section perpendicular to the plane a pyramid is formed. The
dimensions used where, taking the figure as reference, L = 150 nm a = 8.5 nm and b =
7.2 nm.
We conducted two different studies about this structure. The first one deals with
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Figure 18 – Graphene kirigami pyramid scheme. The panels show the scheme of the kirigami cut with
the dimensions indicated and a graphene sheet that has been cut. Care was taken to choose dimensions
that would not generate dangling bonds
the static deformation response of the material subject to a force normal to the plane of
the graphene sheet. The second one is the response to a ballistic collision with a massive
silicon projectile in comparison to the same impact on a pure graphene sheet.
4.1 ReaxxFF potential energy
The same LAMMPS software presented on section 3.2 of this work was used for
all the simulations in this chapter, with a difference in the form of the potential energy
function. Because we want specifically to study the limits of breaking of the material we
needed a reactive potential function, that can account for bonds breaking and forming.
This makes the potential function substantially more complicated and computationally
expensive because the bond order between pairs of atoms must be calculated at each step.
The simulations in this chapter were conducted using the ReaxFF potential(40) where
the total potential energy is divided into many individual terms
𝐸𝑡 =𝐸𝑏𝑜𝑛𝑑 + 𝐸𝑙𝑝 + 𝐸𝑜𝑣𝑒𝑟 + 𝐸𝑢𝑛𝑑𝑒𝑟 + 𝐸𝑣𝑎𝑙 + 𝐸𝑝𝑒𝑛 + 𝐸𝑐𝑜𝑎
+ 𝐸𝐶2 + 𝐸𝑡𝑟𝑖𝑝 + 𝐸𝑡𝑜𝑟𝑠 + 𝐸𝑐𝑜𝑛𝑗 + 𝐸ℎ𝑏𝑜𝑛𝑑 + 𝐸𝑣𝑑𝑤 + 𝐸𝑐𝑜𝑢𝑙
(4.1)
The first term 𝐸𝑏𝑜𝑛𝑑 comes from an estimation of the bond order between two
atoms based on the distance between them. Three contributions to the bond order are
considered: the sigma, pi and double-pi bonds. They all depend at first only on the distance
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between the pair of atoms. For each pair:
𝐵𝑂 = 𝐵𝑂𝜎 +𝐵𝑂𝜋 +𝐵𝑂𝜋𝜋
= exp
(︃
𝑝𝑏𝑜1
(︃
𝑟
𝑟𝜎0
)︃𝑝𝑏𝑜2)︃
+ exp
(︃
𝑝𝑏𝑜3
(︃
𝑟
𝑟𝜋0
)︃𝑝𝑏𝑜4)︃
+ exp
(︃
𝑝𝑏𝑜5
(︃
𝑟
𝑟𝜋𝜋0
)︃𝑝𝑏𝑜6)︃ (4.2)
where from here on 𝑝 with subscripts represent parameters of the potential model, and 𝑟0
are equilibrium distances for each type of bond.
This first approximation might overestimate or underestimate the bond order be-
tween the pair of atoms, so a correction to 𝐵𝑂 is calculated by taking into account the
number of valence electrons of the atom and the calculated bond order of all its neighbors.
The term 𝐸𝑙𝑝 deals with the energy contribution of the lone electron pairs on each
atom. For each one, the difference between the total number of outer shell electrons and
the sum of bond orders around it is calculated and called Δ𝑙𝑝. So, the number of lone
pairs 𝑛𝑙𝑝 on a give atom is given by
𝑛𝑙𝑝 = int
(︃
Δ𝑙𝑝
2
)︃
+ exp
⎛⎝−𝑝𝑙𝑝1
(︃
2 + Δ𝑙𝑝 − 2 int
(︃
Δ𝑙𝑝
2
)︃)︃2⎞⎠ (4.3)
An energy penalty is imposed for the deviation of this calculated lone pair quantity
with respect to the optimal number 𝑛𝑙𝑝,𝑜𝑝𝑡 for the given atom. For example, for oxygen
with normal coordination the total bond order is 2 and electrons in lone pairs are 4, if this
value deviates from that there will be an energy penalty associated with it of the form
𝐸𝑙𝑝 =
𝑝𝑙𝑝2 (𝑛𝑙𝑝,𝑜𝑝𝑡 − 𝑛𝑙𝑝)
1 + exp (75Δ𝑙𝑝)
(4.4)
𝐸𝑜𝑣𝑒𝑟 and 𝐸𝑢𝑛𝑑𝑒𝑟 are calculated by estimating the amount of over-coordination
or under-coordination predicted by the calculations up to this point. For example, an
oxygen atom with BO over 2 would incur a energy penalty for over-coordination. 𝐸𝑣𝑎𝑙 and
𝐸𝑡𝑜𝑟 are the angle and dihedral energy contributions respectively. They are calculated by
taking into account the type of bonding that the central atom of the angle is subject to,
going from equilibrium angles of 109.47𝑜 to 180.0𝑜. The non-bonded terms are the typical
van der Waals and coulombic terms 𝐸𝑣𝑑𝑊 and 𝐸𝑐𝑜𝑢, with the complication that charge
equilibration must be calculated for each step when the bond order of the atom changes.
𝐸ℎ𝑏𝑜𝑛𝑑 describes the energy of hydrogen bonds and has the form
𝐸ℎ𝑏𝑜𝑛𝑑 = 𝑝ℎ𝑏1 (1− exp (𝑝ℎ𝑏2𝐵𝑂)) exp
(︃
𝑝ℎ𝑏3
(︃
𝑟0
𝑟𝐻𝑍
+ 𝑟𝐻𝑍
𝑟0
− 2
)︃)︃
sin8
(︃
Θ𝐻𝑌 𝑍
2
)︃
(4.5)
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where Θ𝐻𝑌 𝑍 is the equilibrium hydrogen bonding angle between a hydrogen 𝐻, donor 𝑌
and acceptor 𝑍, 𝑟𝐻𝑍 is the distance between hydrogen and acceptor, and 𝑟0 is equilibrium
length.
The rest of the terms are empirical corrections that arise to fit the data of specific
compounds. Parameters for all these terms are derived from measurements and quantum
mechanics ab initio calculations and this potential is shown to reproduce accurately the
obtained results.
4.2 Static loading
The first study case is the response of this material to a static loading applied
to the middle of the sheet. For this simulation the kirigami sheet was stretched until
breaking by having the atoms on the center square being pulled with constant small
velocity on the direction normal to the surface. We recorded the reaction force exerted by
the kirigami sheet on the pulling object and plotted the curve of dislocation of the center
versus the necessary force. Since this simulation is quasi-static the abrupt transitions will
be smoothed because of the relaxation time of the system. For this protocol we kept the
atoms on the outer border of the kirigami constrained to the initial plane of the sheet.
This is roughly equivalent of having a larger sheet of graphene extending on the plane.
Another way of holding the sheet in place is to completely freeze the border atom positions
like stretching a tennis racket net, but this makes the material too stiff (also the same
with the pure graphene sheet) unless we used an impractical area of graphene sheet.
There are 3 stages visible on the response graph on figure 19. During the first
one the force necessary to extend the pyramid is close to zero, after around 100 nm it
enters a linear region with the force gradually increasing up to around 140 nm, from there
on the material is reaching its limit of elastic deformation and breaks. The weak spots
that always break first are the small "bridges" connecting the square rings that form the
pyramid.
4.3 Ballistic testing
Recently, graphene has been found experimentally to be 10 times more resilient to
a ballistic impact than steel(41). That motivated us to test the resistance of the graphene
kirigami to ballistic impacts using MD simulations of projectile impacts on stacks of pure
graphene and kirigami sheets and comparing both. It would be prohibitive to run the
simulations using a realistically all-atom projectile, so we used a single spherical particle
represented internally by the program as a single atom having a van der Waals radius of
15Å and the weight that would be consistent with a projectile having the same volume
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Figure 19 – Graphene kirigami pyramid static loading. On top, insets show the evolution of the pyramid
structure as it is being stretched. Atoms marked as red are the ones where von-mises stress is concentrated.
The graph below shows out-of-plane displacement versus applied force to the center of the sheet.
made of silicon.
The interaction between the projectile and the graphene/kirigami sheets were mod-
eled as Lennard-Jones interaction only because it is computationally cheaper and fulfills
our needs for this simulation. The projectile was launched from an initial distance of 20Å
with an initial velocity 𝑣0 towards stacks of sheets of pure graphene and kirigami ranging
from 1 to 5 sheets separated by the optimal van der Waals distance for graphene sheets.
We then approximated by trial and error the minimum kinectic energy our particle must
have to breach the stack of graphene and applied the same velocity as the starting veloc-
ity for the same number of stacked kirigami sheets. Although the kirigami is significantly
lighter, because we removed mass from it when making the cuts, it is able to hold the
projectiles much better than pure graphene by bending without breaking during a longer
time period than is necessary to break the graphene sheets stack.
Figure 20 shows snapshots of the simulations running on the stacks of 2 sheets
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Figure 20 – Ballistic test of graphene kirigami pyramid. The figure shows the time evolution of a ballistic
collision of a silicon projectile with 2 sheets of pure graphene versus graphene kirigami. A) Graphene
sheet is easily perfurated by the projectile. B) Graphene kirigami acts as a net and catches the projectile
being able to completely stop it and reverse it’s velocity in relation to the plane
of graphene and kirigami. The projectile is able to tear a hole in the graphene and keep
going with some residual kinetic energy, while it was stoped by the kirigami. The amount
of kinetic energy necessary to break the graphene stacks increased non-linearly with the
number of layers, but in all ocasions the pyramid kirigami could consistently hold the
projectile without breaking.
We tentatively found the necessary initial velocity for the projectile to barely
perforate a stack of graphene sheets from 1 to 5 sheets thick. Applying the same velocity
of impact with the same projectile on a similar stack of kirigami pyramids we measured the
decrease in kinectic energy with time during the collision. Figure 21 shows a graph of the
kinectic energy variation, dashed lines are pristine graphene and full lines are equivalent
kirigami stacks. It can be clearly seen that the kirigami was able to halt the projectile
every time.
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Figure 21 – Ballistic test of graphene kirigami pyramid. The figure shows the time evolution the projectile
kinectic energy during a ballistic collision of a silicon projectile with 1 to 5 sheets of pure graphene versus
graphene kirigami. Dashed lines are graphene stacks, full lines are kirigami stacks.
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5 CNT Yarn Tension Annealing at Extreme
Temperatures
In this chapter we describe a work also done in collaboration with the Nanotech
Institute at the University of Texas at Dallas about the strengthening of nanotube wires
by an annealing process. The process was names ITAP for Incandescent Tension Anneal
Process and consists of twisting the nanotube yarn and heating it up to 3000K in a
moderate vacuum. Twisting the yarn applies pressure that brings the tubes closer together
and the vacuum is needed because in contact with the atmosphere, the nanotubes would
burn at a much lower temperature.
After the annealing process, mechanical stability of the cable is improved, increas-
ing its breaking strength by 50%. Also, its resistance to a acid bath is greatly improved.
Five minutes in an acid bath that would completely destroy an untreated yarn has almost
no effect on the treated one.
Any application that uses carbon nanotube wires can benefit from stronger cables.
The wires were also able to retain inserted twist without the need for tethering on either
side. This is another advantage in particular for the artificial muscles applications in which
we were interested.
Both the mechanical and chemical strengthening and the setting of the inserted
twist can be explained by the formation of inter-tube bonds facilitated by the high tem-
perature and the high pressure on the innermost tubes. Resistance to the acid bath is due
to the reduced available surface for the acid to attack since the treated yarn is compacted
and has less empty space between the tubes.
My contribution to this work was done mainly after the experimental development
of the method and tests of the material, and consisted in verifying the conditions neces-
sary for inter-tube bonding as well as the morphology of the formed connections by MD
simulations. The resulting published paper is attached in annex G.
5.1 MD simulations setup
To simulate the interactions between the innermost CNTs of the yarn we used an
assemble of aligned nanotubes in hexagonal close packing. This can be achieved with a
minimun of 4 nanotubes and periodic boundary conditions to simulate a large bundle.
Experimentally, the CNTs would be multiwalled with the number of walls around 10
approximately, but the important interactions in our case would be the cross-linkning
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happening only at the outermost wall. Therefore, we used double walled CNTs where
the inner wall was described using a non-reactive CHARMM potential(42) which is very
similar to the already described AMBER potential without the hydrogen bonding term
and the outer layer used the reactive REAXFF potential.
The nanotubes were 5nm long and 8.8nm wide having chiralities (60,60) and
(65,65) for the inner and outer walls respectively. This initial configuration was simu-
lated for 50ps in timesteps of 1fs for a variety of different conditions in respect to the
state of defects on the CNTs, temperature and the presence of amorphous carbon. Fig-
ure 22-A shows the initial configuration of the tubes. The inner tubes are colored black
because they are non-reactive and atoms of the outer tubes that share the same color are
part of the same tube cut by the periodic boundary.
Figure 22 – ITAP simulation snapshots. A) Starting configuration of close packed tubes on a hexagonal
distribution B) Ending configuration after 50ps at 2500K temperature showing the atoms that participate
in cross-linking between tubes in red. C) Observed cross-linking structures, chains running along the tube
walls or linear chains attached at the ends on adjacent tubes.
5.2 MD simulations results
After a series of simulations it was determined that the perfect CNTs were unable
to react at temperatures up to 4000K in the simulated time. Adding amorphous carbon in
the empty space between the tubes increased the chance of cross-links depending on the
reactivity of the inserted specimens. For example, inserting linear chains od carbon along
the nanotube walls was highly effective but physically unlikely in experimental conditions.
The final parameter tested was the amount of defects present on the outer shell of the
Chapter 5. CNT Yarn Tension Annealing at Extreme Temperatures 51
CNTs which proved to be very important. Vacancy defects were created by removing
random atoms from the outer layer of the CNTs and, with a experimentally reasonable
ratio of 5% of the total atoms removed by such defects, the tubes were able to react and
crosslink without any introduction of another forms of carbon inbetween at 2500K. Figure
22-B shows the final state of the cross-linked nanotubes where the atoms that participate
in crosslinkg are marked in red.
The cross-linking was greatly favored by the addition of defects and had a tendency
to form first between two defective areas. After that, a line of connecting atoms formed
running along the walls of neighboring nanotubes. More rarely, a linear chain of atoms
would form being connected only by the points in two different tubes, the most prevalent
length would be 3 atoms. Figure 22-C shows the observed kinds of cross-links.
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6 Genetic Algorithm Applied to Protein Fold-
ing Problem
Proteins are organic macromolecules formed by chains of smaller units called amino
acids (AA). There are 21 AAs used by the human body(43), some of them synthesized by
the body itself, others obtained from ingested food. The protein’s function in the organ-
ism is generally very dependent on its spacial configuration, and given normal biological
conditions the same protein will always arrange itself in the same way as to be able to
perform its function properly. Since this is the case, there must be some way to predict
the final spatial conformation of the protein based on its AA sequence. This is called
the protein folding problem, and it has gotten much attention over the years, but is still
unsolved(11).
In this chapter we describe a modified genetic algorithm(13) (GA) applied to
the problem of protein folding in a simplified lattice model. The addition of two non-
canonical operators, the sharing and maternal effect operators, proved to be very valuable
in attaining the best solution to known test sequences widely used in literature(44). In
one of the test cases we were able to get an improvement over the best known solution
for a test sequence that has been in use for over 20 years. A draft of the resulting paper
from this work can be found in annex H.
6.1 HP lattice model
Proteins can stretch for as long as 1000 AA and have a variety of functions and
conformations. We will be focusing on small, also called globular proteins, composed by
up to 100 AA and that are small enough such that the main driving force for the folding in
the hydrophobicity of the composing AAs. The hydrophilic (labeled P) AAs tend to stay
on the surface of the protein, in contact with the aqueous media in which it is submerged,
and the hydrophobic ones (labeled H) tend to form a "core" to isolate itself from the
water and reach a minimum energy state. Figure 23 shows the 21 amino acids separated
by hydrophobicity.
The position of the AAs are constrained to a regular cubic lattice such that each
AA can only have a position defined by integer coordinates in 3D. In this manner, the
protein is a self-avoiding chain of connected points in a cubic lattice, starting at point
(0,0,0) by default. We consider the reference energy to be 0 and each hydrophobic contact,
defined as two non-connected hydrophobic AA that are separeted by a distance of 1 unit,
to lower the potential energy by 1 arbitrary unit. We then search for the smallest energy
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Figure 23 – The 21 human amino acids divided in hydrophobic and hydrophilic. In small proteins, the
main governing mechanism for folding is the formation of a hydrophobic core surrounded by a hydrophilic
shell.
and assume it represents the folded state of the protein.
6.2 Genetic algorithm
A genetic algorithm(13) is a stochastic method of optimization inspired in nature
and natural selection. We call every possible solution to the problem an individual that
must be coded in some alphabet as a sequence of genes, or a chromosome. We will work
with a population of a number of such individuals. There must also be some kind of
fitness function that measures how good the individual is as a solution to the problem, so
it can be selected based on its fitness. Last, there must be some algorithm for generating
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new individuals based on the genomes of the ones currently on the population, with small
variations. These requisites are analogous to the ones governing biological evolution where
the fitness function plays the role of the environment, selecting the individuals most able
to survive and pass on their genes to the progeny. The GA is divided in algorithmic steps
called operators that act on the members of the population in order to carry on the search
for the best one.
The GA starts by generating a random initial population with a fixed number of
individuals P and applies the operators on them. Individuals are randomly generated and
stored if they are valid. Multiple identical individuals are permitted. From this initial
population, 2 individuals are selected to reproduce based on their fitness, this will be
considered the parents. Based on sexual reproduction, the genetic information of the
parents is recombined to generate two children which are stored in a temporary population.
Once this temporary population has reached the size of the original one, the former
replaces the later and we count onde generation to have passed. This proccess is repeated
until a stopping criterion is met, in our case the criterion was either 100 generations
without improvement or an average sharing coefficient, which is a measurement of how
similar the individuals in the population are in average, of over 50%. Since the algorithm
is essentially blind and stochastic, there is no guarantee that the best solution is found,
but it tends to converge to certain solutions that dominate the population in detriment of
others, signaling the end of the run since no more progress will be made. Figure 24 shows
a flowchart describing the basic GA process, while the operators will be discussed later.
The proper choosing of the coding and fitness functions are essential for the GA to
work properly, be effective, and fast. We chose to use the coding by labeling the directions
in which the protein chain can grow from the starting point to the end of the chain. There
are 6 possible directions (+1 or -1 step on each coordinate axis) so we used integers from
0 to 5. Therefore, a protein with N amino acids can be coded as a sequence of N genes
where each one determines the next position in the chain from the current position starting
at the default (0,0,0) location. Figure 25 exemplifies this coding schematics with a test
protein of 8 AAs length.
There are some considerations with this coding scheme. First, not all sequences are
valid individuals, some sequences generate colliding chains with more than one AA at the
same position. Also, two valid parents may generate an invalid child (as per the crossover
operator explained ahead) so the validity of every generated child must be checked. Also,
we can choose the first gene to be 0 by default, and because of rotation symmetries we can
also choose the second one to be 0 (the first move is always on the positive X axis) and
we impose the first gene different from 0 must be 2 (the first "bend" is along the positive
Y axis). This diminishes greatly the amount of calculations necessary by reducing the
search space by at least 2 dimensions.
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Figure 24 – Basic GA flowchart. From a initial population subsequent populations are generated each
generation. Fitness of the individuals are calculated between generations.
Figure 25 – HP lattice model and coding of individuals. The protein is represented as a connected chain
of hydrophobic (Yellow) or hydrophilic (Red) amino acids. A) Schematics of the 6 possible directions of
growth from a starting point and example of a 3-AA chain. B) The stretched chain corresponding to the
AA sequence that composes a 8 AAs test protein and folded protein with the chromosome that represents
this conformation
Now for the fitness function, since the property we are trying to minimize is the
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potential energy we start with a simple fitness function that is the module of the energy of
the conformation, meaning the smallest energy will have the highest initial fitness value.
Later on the algorithm this fitness value will be modified by other operators.
The selection operator used is one the simplest possible and is called a "roulette
selection". It assigns to each individual in the population a chance of selection proportional
to its fitness and selects two of them randomly based on these chances.
After selection has taken place, the crossover operator recombines the two parents
forming two children. It does so by choosing a random point (greater than 3, since the
first 2 genes on every individual are the same) to split both parent’s genome and join
them together at this point, taking the first part of one parent and the second of another
and vice-versa.
As a last step to ensure that information is reinserted into the population, the
mutation operator is used. This operator changes 0 or 1 genes in each children based on
a very small probability. The changed gene is switched for a equally probable random
new value. Then, after checking for the validity of the children and assigning them basic
fitness, they are stored.
6.2.1 Sharing operator
The sharing operator is based on the biological occurring phenomenon of niches,
where different species survive by searching for different natural spaces to occupy. This
operator is called every time a new generation is formed, and is used to decrease the fitness
of individulas that are too similar to other individuals in the population. The operator
has the effect of preserving "not quite so good" solutions that might be one step away
from the true one, but would be throw out because of a competing solution dominating
the population with its copies.
To apply the sharing effect, after a new population has been generated and fitness
has been assigned, we calculate the "sharing factor" for each individual, defined as the
inverse of the summation of the Hamming distance between the individual and and all
others:
𝑆(𝑖) =
𝑁𝑖𝑛𝑑∑︁
𝑗=1
𝑠ℎ𝑎𝑟𝑒(𝑖, 𝑗) (6.1)
𝐹𝑖𝑡𝑛𝑒𝑠𝑠′(𝑖) = 𝐹𝑖𝑡𝑛𝑒𝑠𝑠(𝑖)
𝑆(𝑖) (6.2)
Where 𝐹𝑖𝑡𝑛𝑒𝑠𝑠(𝑖) is the original fitness value of the individual, 𝐹𝑖𝑡𝑛𝑒𝑠𝑠′(𝑖) is the
new value and 𝑆(𝑖) is calculated by summing over the function 𝑠ℎ𝑎𝑟𝑒(𝑖, 𝑗) which is defined
and the number of identical genes between two individuals 𝑖 and 𝑗. The final fitness is
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then divided by this factor 𝑆 to diminish the fitness of very similar individuals in relation
to the fitness of unique individuals.
6.2.2 Maternal effect operator
The maternal effect operator is the most important of the non-canonical ones that
were used. It is based on a previous work by Wilke et al.(45) where it was shown to reduce
the rate of convergence in a different GA setting. If we take the GA to run indefinitely, at
some point all the individuals will be copies of the same good solution, unable to generate
anything different except by very small and slow random variation. The path of increasing
the mutation rate to reintroduce random information is good, but if abused will turn the
guided search of the GA into a completely random one that is equivalent to just try all
solutions.
The sharing operator already helps with maintaning a diverse variety of pre-
existing and evolved genes, but the maternal effect goes further. It divides the fitness
of generated children by the fitness of their mother, where we consider the mother to be
the parent with the highest fitness. Therefore, children of very well adapted parents will
have a penalty on their fitness, making them less likely to reproduce on the next gener-
ation and avoiding this premature convergence with he domination of the population by
one or a few lineages. The idea is to prevent very good individuals from dominating all of
the population quickly, which constrains the search to only individuals similar to them.
6.3 Results
We applied this GA approach to 13 test sequences for hypothetical globular pro-
teins. The first 3 sequences have lengths 8, 12 and 19 AA respectively, and were just
meant to fine tune the algorithm. The last 10 are 27 AA in length and were taken from
literature and have been in use for many years, being now the standard test sequences for
algorithms. Table 1 shows the test sequences as strings of P and H amino acids.
The total time of computation is not a good measure of algorithm efficiency because
it is dependent on the machine running the code. As an alternative we counted the number
of energy evaluations needed to get to the best found solution, since this is the most
computationally expensive step. Table 2 shows the coded chromosome of the best solutions
found for each test case along with the number of evaluations needed for each one. Not
all runs of the algorithm will find the best solution, this number represents only the runs
when it did find. The table also shows the percentage of runs that resulted in successfully
finding the best solution. We used a population size 𝑃 = 1000 individuals, with mutation
rate of 0.03.
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Table 1 – Test protein sequences. Sequences P27.x are standard test sequences for this protein folding
model problem. H means hydrophobic and P means hydrophilic amino acid.
Name Sequence
P8 HPHHPHHH
P12 HHPHPHHPHPHH
P19 HPPHPHHHHHPHPHHPHPH
P27.a PHPHPHHHPPHPHPPPPPPPPPPPHHP
P27.b PHHPPPPPPPPPPHHPPHHPPHPPHPH
P27.c HHHHPPPPPHPPPPHHHPPPPPPPPPH
P27.d HHHPPHHHHPPPHPHPPHHPPHPPPHH
P27.e HHHHPPPPHPHHPPPHHPPPPPPPPPP
P27.f HPPPPPPHPHHHPPHHPPPHPPPPHPH
P27.g HPPHPHHPPPHPPPPPHPHHPHPHPHH
P27.h PPPPPPPHHHPPPHPHHPPPHPPHPPP
P27.i PPPPPHHPHPHPHPHPPHHPHHPHPPP
P27.j HPPPPHHHHPPHPHPHHHPHPPHHPPH
Table 2 – Best solutions found by the GA for the test protein sequences. E colum stands for energy, %
shows the percentage out of 100 runs that found the best solution.
Sequence Best solution E % Evaluations
P8 0 2 5 3 1 2 4 -4 100 79221
P12 0 2 1 1 3 5 2 0 0 3 1 -7 96 47128
P19 0 0 2 1 2 4 1 4 3 5 3 0 4 2 5 0 4 2 1 -12 76 15040
P27.a 0 2 5 5 3 4 0 3 4 2 2 5 0 0 2 5 5 3 1 5 3 4 1 4 2 0 -9 60 48056
P27.b 0 0 2 1 5 1 3 5 0 0 3 4 4 1 1 4 0 2 2 0 3 0 3 1 3 5 -10 48 41732
P27.c 0 2 1 2 2 4 0 3 3 0 4 3 1 5 1 2 1 1 1 1 2 0 0 0 5 3 -8 68 53180
P27.d 0 2 0 5 1 3 1 3 0 5 2 1 2 4 2 4 3 1 2 5 3 1 3 4 0 5 -15 46 234413
P27.e 0 2 1 1 2 5 0 3 1 3 0 5 2 0 4 3 0 2 4 2 2 5 1 2 5 0 -8 46 19396
P27.f 0 2 1 1 5 3 4 1 4 0 0 4 3 5 1 3 5 0 2 5 5 1 4 4 1 4 -12* 14 211174
P27.g 0 2 1 2 5 3 5 2 1 4 1 4 0 4 3 5 1 3 0 3 5 1 2 2 0 3 -13 34 75437
P27.h 0 0 2 4 4 1 1 5 3 0 2 2 1 5 2 2 2 5 3 3 0 4 3 3 1 1 -4 94 10828
P27.i 0 2 0 0 2 1 5 5 2 2 5 3 1 3 4 2 1 3 4 0 4 2 5 2 1 5 -7 86 55050
P27.j 0 2 2 0 0 2 0 3 4 1 1 3 5 0 5 3 4 0 4 1 2 0 5 5 0 5 -11 100 40621
P27.k 0 2 1 5 3 1 4 1 1 5 0 5 0 3 4 1 1 4 0 4 0 5 0 0 5 1 -16 26 149118
The degree of difficulty for each sequence can be inferred by the amount of evalua-
tions needed. Difficulty is not directly related to the number of hydrophobic amino acids,
but the difficult sequences for this algorithm are usually the ones where the best possible
solution depends on interaction between amino acids close to the beginning and end of
the chain. This happens because of the chosen genetic coding, since the crossover oper-
ator tends to keep the beginning and ending parts together, taking the first half of one
solution and the other half of other will disrupt the relative positions of amino acids that
were previously contacting. The most important result obtained was for test sequence
P27.f, improving the established minimum energy record for this sequence by 1. The best
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solution found for this sequence is shown in figure 26
Figure 26 – Best solution found by the GA for the sequence P27.f. Red represent hydrophilic and yellow
hydrophobic amino acids. The formation of a hydrophobic core and hydrophilic side-chains is apparent.
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7 Conclusion
For the hierarchically buckled sheet-core fibers we were able to experimentally
develop and theoretically describe this new kind of material with a large array of applica-
tions. The property of being highly stretchable and bendable while keeping its electrical
resistance constant is in itself highly valuable as a component in bendable electric cir-
cuitry. This material has various advantages over the conventional bendable electrical
conductors, such as being resistant to fatigue and completely reversible.
Other applications included multiple kinds of sensors and actuators, where the
actuation was the result of an interesting effect that converts the tensional actuation into
torsional. Actuation can be achieved via electrical or thermal stimulation inside working
ranges that could be embedded in microfluidic, morphing structures or robotic devices.
The power ratio to diameter of these fibers are beyond natural muscles and current arti-
ficial ones. Since their strength can be collectively harnessed when associated in parallel
bundles, large strokes and large forces can be obtained by sufficient miniaturization of the
diamater of each individual fiber. Thermally actuated muscles can also be used on energy
harvesting applications, converting waste heat from chemical processess into usable me-
chanical work. The back-and-forth exchange between experiment and theory was crucial
to the development of the works presented.
The VIP protocols resulted in the first observation of imprinting in undirected
molecular dynamics simulations. Also, we eliminated all other factors that can come into
play with the actual synthesis of MIPs, leaving only the relevant interactions between FM
and target. Other computational methods have been used with varying degrees of success
in predicting suitability of functional monomers to some particular substance, but these
methods relied on assumptions about the interactions between FM and target. Our simu-
lations assumed a minimum amount of constrains designed only to maintain a reasonable
interacting distance between FM and target and we could observe, by simulating the full
process from pre-polymerization solution to chromatography testing, the manifestation of
not only affinity but selectivity in MIPs. The virtual chromatography experiments comply
to what would be expected from real outputs of successful MIPs.
This method could be applied to enable a fast screening of a big library of potential
monomers to the imprinting a specific target. The time necessary for the design of each
new MIP would be drastically reduced by replacing experimental batch rebinding studies
with automated VIP testing. This technique could at least give good indications of routes
to follow or discard on a first instance.
We characterized the response of the graphene kirigami pyramid structure to static
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loading and showed that the same area of the material could resist ballistic impacts better
than pristine graphene sheet stacks, independent of the number of stacked sheets up to 5
layers. This shows potential applications as light-weight ballistic impact resistant material.
Graphene is already very light if its mass/area ratio is considered and the kirigami is
lighter since material is removed. Another possible applications given the restoring forces
that appear with deformation include a pressure-sensitive valve for gasses or nano-scaled
equivalent to springs with a large deformation ratio from rest to stretched.
Carbon nanotube yarns treated under the ITAP protocol exhibit enhanced me-
chanical and chemical stability properties. These improvements come from the formation
of covalent cross-linkings between adjacent nanotubes that are facilitated by the high
temperature, vacuum and big pressures. The vacuum is needed or the carbon nanotubes
would burn in contact with the atmosphere. Pressure comes from the twisting and ten-
sion which the yarn is kept under during the process. We showed that this combination
of factors can lead to the formation of the crosslinks, and furthermore, they are largely
dependent on the prevalence of defects on the outer walls of the multi-wall CNTs. This
cross-liking is also responsible for holding the format of the yarn after constrains are
removed, contrary to pristine yarns that untwist and coil if left without support.
Our modified genetic algorithm worked very well with the protein folding problem
in the 3D HP lattice model. The success of the algorithm was due to smart choices of
coding and operators that translated the difficult folding problem in a treatable problem
where the correlation between the quality of a solution and the genome existed and
therefore could be transmited. We were able to break a record in optimal solution on
a tet data set that have been thorughly investigated and used by other authors using
a variety of algorithms. Adding new non-canonical operators that prevented the early
convergence to dominating individuals was crucial to the sucess of the algorithm. These
operators allowed us to do less energy calculations and have a smaller working population,
saving time and memory space.
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ANNEX A – Hierarchically buckled sheath-
core fibers for superelastic elec-
tronics, sensors, and muscles
The thick-panel counterparts to four-, five-,
and six-crease vertex origami patterns are over-
constrained spatial linkages. The number of such
linkages is rather limited (17). It is relatively
straightforward for four-crease origami patterns
because only one spatial 4R linkage exists. How-
ever, five- and six-crease single-vertex patterns
commonly comprise two or three degrees of
freedom, whereas their corresponding spatial
overconstrained linkages have only one mobility
degree of freedom. In these cases, equivalence
can only be accomplished through reducing the
degrees of freedom of the former by symmetry or
other means. This may be beneficial for practical
applications because the folding of thick panels
can be more easily controlled owing to their sin-
gle degree of freedom. Moreover, the synthesis
can also be used for origami patterns consisting
of amixture of verticeswith various creases. The
folding sequence of a thick-panel origami based
on a pattern with both four- and six-crease ver-
tices is shown in Fig. 4E and movie S1.
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Hierarchically buckled sheath-core
fibers for superelastic electronics,
sensors, and muscles
Z. F. Liu,1,2,3 S. Fang,1,3* F. A. Moura,1,4 J. N. Ding,2,10 N. Jiang,1,3 J. Di,1 M. Zhang,5
X. Lepró,1 D. S. Galvão,4 C. S. Haines,1 N. Y. Yuan,2,3 S. G. Yin,3,6 D. W. Lee,3
R. Wang,2,3 H. Y. Wang,3,6 W. Lv,2,3 C. Dong,2,3 R. C. Zhang,3,6 M. J. Chen,2,3
Q. Yin,2,3 Y. T. Chong,3 R. Zhang,7,8 X. Wang,8 M. D. Lima,1 R. Ovalle-Robles,9
D. Qian,8 H. Lu,8 R. H. Baughman1,3*
Superelastic conducting fibers with improved properties and functionalities are needed
for diverse applications. Here we report the fabrication of highly stretchable (up to 1320%)
sheath-core conducting fibers created by wrapping carbon nanotube sheets oriented in
the fiber direction on stretched rubber fiber cores. The resulting structure exhibited
distinct short- and long-period sheath buckling that occurred reversibly out of phase
in the axial and belt directions, enabling a resistance change of less than 5% for a
1000% stretch. By including other rubber and carbon nanotube sheath layers, we
demonstrated strain sensors generating an 860% capacitance change and electrically
powered torsional muscles operating reversibly by a coupled tension-to-torsion
actuation mechanism. Using theory, we quantitatively explain the complementary effects
of an increase in muscle length and a large positive Poisson’s ratio on torsional actuation
and electronic properties.
H
ighly elastic electrical conductors are
needed for stretchable electronic circuits,
pacemaker leads, light-emitting displays,
batteries, supercapacitors, and strain sen-
sors (1). For such purposes, conducting
elastomers have been fabricated by incorpo-
rating conducting particles in rubber (2–5) or by
attaching sheets of conducting nanofibers (6–9),
graphene sheets (10, 11), or coiled or serpentine
conductors to a rubber sheet or fiber (12–17). Al-
though reversible strains exceeding 500% have
been demonstrated, the quality factor (Q, the
percent strain divided by the percent resistance
change) has been below three for such large
strains (17–20). Elastomeric conductors with very
low quality factors are useful as strain sensors,
but the other applications noted above would
benefit from the realization of very high qual-
ity factors. The availability of conducting fibers
that can be stretched to great extents without
significantly changing conductivity could enable
the deployment of superelastic fibers as artificial
muscles, electronic interconnects, supercapac-
itors, or light-emitting elements.
We replaced the frequently used laminate
of a carbon nanotube (CNT) sheet wrapped on
a stretched rubber sheet with a multilayer CNT
sheath wrapped on a rubber fiber core (21, 22).
We enabled additional functions by including
other rubber and CNT sheath layers. The con-
ducting sheaths were derived from highly ori-
ented multiwalled CNT aerogel sheets, which
were drawn from CNT forests (21). Three ba-
sic configurations were deployed: NTSm@fiber,
rubber@NTSm@fiber, and NTSn@rubber@
NTSm@fiber. NTSm@fiber denotes m carbon
nanotube sheet (NTS) layers deposited on top
of a rubber fiber core, rubber@NTSm@fiber
is a rubber-coated NTSm@fiber, and NTSn@
rubber@NTSm@fiber indicates an NTSn sheath
(where n is the number of NTS layers) on a
rubber@NTSm@fiber core.
The rubber fiber core was highly stretched
(typically to 1400% strain) during the wrapping
of NTS layers, and the CNT orientation was pa-
rallel to the rubber fiber direction (Fig. 1A). For
the preparation of rubber@NTSm@fibers, the
outermost rubber coating was applied while
the rubber core was fully stretched, whereas
for the preparation of NTSn@rubber@NTSm@
fibers, the thicker rubber layer used as a dielectric
was deposited on an NTSm@fiber that was not
stretched (22). The parallel orientations of CNT
fibers and the rubber core, the substantial strain
applied during sheath wrapping, and the use of
a large m resulted in the observed hierarchical
two-dimensional buckling and corresponding
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high performance. The rubber core and rubber
layers separating nanotube sheets were a styrene-
(ethylene-butylene)-styrene (SEBS) copolymer
containing a plasticizer (Marcol 82, ExxonMobil)
(22). The diameter of the nonstrained rubber fiber
was typically 2 mm, which decreased to 0.52 mm
at 1400% strain (22).
Because the rubber fiber core must increase in
diameter (and circumference) as it relaxes from
the maximum fiber stretch, we observed that the
realizable elastic deformation range decreased
with increasing m for the NTSm@fibers. Even
though the CNT sheets were highly anisotropic,
with a lower modulus in the belt direction of the
CNT sheath, this low modulus and the bending
modulus of the nanofibers were sufficient to
limit the elastic range for the sheath-core fiber
whenmwas large. The elastic range dramatically
decreased when the nanotube orientation had a
nonzero bias angle with respect to the fiber axis
(fig. S4B).
We observed periodic hierarchical buckling in
two dimensions for NTSm@fibers when m was
larger than 10 and the fabrication strain, efab (i.e.,
the strain applied to the rubber fiber core during
the wrapping of CNT sheaths), was large (typi-
cally 1400%). The scanning electron microscope
(SEM) images (Fig. 1, C and D) show an elon-
gation (100%) for which short and long buckling
periods were simultaneously observed in the fi-
ber axial direction (at ~8 and~35mm, respectively)
and the fiber belt direction (at ~8.5 and ~51 mm,
respectively). Unless otherwise indicated (for in-
stance, with the term “fabrication strain”), men-
tioned strains are associated with the relaxed
state of the sheath-core structure, rather thanwith
the relaxed state of the sheath-free core. Also, char-
acterizations of structure and properties refer to
conducting elastomer fibers that have been con-
ditioned by applying about five stretch-release
cycles to the maximum strain that does not plas-
tically stretch the NTSs in the sheet alignment
direction. This conditioning was needed because
the two-dimensionally buckled structure appeared
during the first cycle and thereafter evolved slight-
ly over the next few cycles, as indicated by a perma-
nent increase of about 10%or less in the resistance
of the strain-released state.
The reversible buckling in the fiber axial and
belt directions was out of phase, as illustrated by
the SEM images of an NTS92@fiber (fig. S12),
which can be reversibly elongated by 1000%.
Long-period buckling along the fiber axis was
seen at 0%strain (where short-period axial buckles
exist but are squeezed together); at 200% strain,
the axial short-period buckles were pulled apart.
The long-period axial buckles disappeared at
400% strain and the short-period axial buckles
disappeared near 1000% strain. There was no
buckling in the belt direction at 0% strain, and
long-periodbuckling in thebelt directionappeared
between 200 and 400% strain, becoming more
pronounced at higher strains. During strain re-
lease (from1000%strain), these out-of-phase buck-
ling processes in the axial and belt directions
reversed without noticeable hysteresis.
Although the emergence of these different
types of buckling and their corresponding pe-
riods for NTSm@fibers depended onm and the
fabrication strain, the out-of-phase behavior for
axial and belt buckling and the order in which
short- and long-period axial buckling occurred
were general phenomena for our sheath-core
elastomeric fibers. As the fabrication strain or
m decreased, the long-period buckling in the
axial and belt directions disappeared, and sub-
sequently all out-of-plane buckling disappeared
(figs. S9 and S13). For about five NTS layers and
a 1200% fabrication strain, only short-period
axial buckles were observed. Long-period axial
buckling appeared whenm and the fabrication
strain were large. Using a single sheet layer for
the sheath resulted in only in-plane buckling for
fabrication strains up to the maximum investi-
gated, 1400% (fig. S8).
The explanation for this out-of-phase behavior
in the axial and belt directions lies in the out-of-
phase relationship between rubber fiber elonga-
tions in these directions, which resulted from the
large positive Poisson’s ratio of the rubber. Con-
sequently, the relaxation of tensile strain from
the fabrication strain quasi-plastically elongated
the CNT sheath in the belt direction during the
first contraction, causing periodic necking (Fig.
1D). Subsequent stretching of the rubber fiber
caused the elongated sheath to buckle in the belt
direction at the necking locations. During subse-
quent stretch-release cycles, this dependence of
structure on strain was reversibly retained.
The dependence of R(e)/Lmax on tensile strain
(e) for sheath-core NTSm@fibers is shown in Fig.
2A, where R(e) is the resistance of a fiber with a
maximum stretched length (Lmax) of Lfab, and
Lfab is the stretched length (corresponding to the
fabrication strain) used for sheath wrapping.
Reflecting the constraint on fiber belt expansion
provided by the NTSm sheath during fiber con-
traction, the length of the unloaded sheath-core
fiber (Lmin) was longer than the starting sheath-
free rubber fiber.Hence, the available strain range
(emax) was smaller than the fabrication strain and
decreased with increasingm (Fig. 2B, inset).
The strain dependence of [R(e) − R0]/R0,
where R0 is R(0), is shown in Fig. 2B. Although
applying an m of 1 resulted in reversible per-
formance up to a very high strain (1320%), the
maximum percent resistance change over this
strain range, DRmax/R0 = [R(emax) − R0]/R0, de-
creased with increasingm (from 53% form = 1 to
18% form = 200) (Fig. 2B, inset). The correspond-
ing values of R0/Lmax decreased monotonically
from 2.1 kiloohm/cm form = 1 to 26.1 ohm/cm
for m = 200.
The increased DRmax/R0 for low m values is
explained by the effect of sheath thickness on the
period of axial short-period buckling. For low m
values, the period of short-range buckling de-
creased with decreasing strain until adjacent
buckles came into contact laterally. This contact
provided a new transport path for the electric
current, which was orthogonal to the local CNT
orientation (which largely followed the buckles).
Hence, when m was low, this pathway resulted
in decreased fiber resistance relative to higher
strain states where buckles were not in contact.
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Fig. 1. Two-dimensional, hierarchically buckled sheath-core fibers. (A) Steps in the fabrication of an
NTSm@fiber.The circular arrow indicates the belt direction. (B) Illustration of the structure of a longitudinal
section of anNTSm sheath, showing two-dimensional hierarchical buckling.The fiberdirection is horizontal.
The yellow color in (A) and (B) represents SEBS rubber; the gray shells are NTS layers. (C andD) Low- and
high-resolution SEM images showing long- and short-period buckles for an NTS180@fiber at 100% applied
strain.The fiber direction, which is the direction of the applied strain, is horizontal and the belt direction is
vertical.The fabrication strain was 1400%.
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To validate this hypothesis, a resistor network
model was developed that agreed with the mea-
sured data (Fig. 2A), despite the limited experi-
mental informationon structural evolutionduring
buckle contact (22). Correlation of transport data
and SEM images as a function of strain (figs. S3A
and S12) indicates that the strain belowwhichR(e)
deviates from R(efab) corresponds to the strain at
which buckles come into contact.
Themeasured increase in conductance caused
by buckles coming into contact, which occurred
abruptly at small strains, was appreciable (37%
for the sheath-core fiber withm = 19, which con-
tracted by 1200%). Despite the fact that the ratio
of sheet conductivity in the nanotube direction
to that in the orthogonal direction is about 10
to 20 for densified as-drawn sheets and 50 to
70 for nondensified sheets (21), this sizeable ef-
fect arose because the contacting area of buckle
sidewalls was large compared with the cross-
sectional area of the conducting pathway before
the buckles came into contact. The conductivity
ratios derived theoretically from R(e) for the
sheath-core fibers (29 for m = 19 to 58 for m =
200) are consistent with the electrical anisotropy
of the CNT sheets (22).
To avoid resistance changes resulting from
buckle contact at low strains, we overcoated a
fully stretched NTSm@fiber conductor with a
layer of SEBS ∼6 mm thick, thereby reducing
the resistance change to 4.5% for the applica-
tion of 1000% strain to a rubber@NTS50@fiber
(Fig. 2A). For comparison, an NTS50@fiber pro-
vided a 28% change in resistance over the same
strain range.
The elastic range for reversible performance of
a straight conducting fiber that we have demon-
strated is much higher than previously realized
for noncoiled elastomeric conducting fibers and
continuous conducting coatings on elastomeric
sheets and fibers (Fig. 2C). TheQ that we demon-
strated for a noncoiled sheath-core fiber was 75
times the value previously obtained for any of the
above types of elastomeric conductorswith a strain
range above 450%. For NTSm@fiber conductors
(Fig. 2C), Q monotonically increased from 25 to
50 as the number of NTS layers increased from
1 to 100; Q then remained essentially constant
for up to 200 NTS layers. Adding a thin outer
layer of rubber to an NTS100@fiber to prohibit
inter-buckle electrical contact during contraction
increased Q from 50 to 421 (corresponding to a
2.15% resistance change for a 905% elongation).
We can further increase the strain range of
nearly strain-invariant electrical conductance by
coiling a nonstretched rubber@NTSm@fiber on
a rigidmandrel of similar diameter. The resistance
of a coiled rubber@NTS19@fiber reversibly changed
by only 5.01%when stretched up to 3000% strain,
providing aQ of 598 (Fig. 3A). In this experiment,
the mandrel (which was 1/29th the length of the
stretched elastomeric conductor) was retained in-
side the coiled rubber@NTSm@fiber to prevent
the conducting fiber from relaxing to an inner coil
diameter smaller than that of the mandrel fiber.
Without this constraint, the strain range and Q
value (2470% and 526, respectively) slightly de-
creased, but highly reversible behavior was still
realized (Fig. 3A and fig. S6D).
This near invariance of conductance during
extreme elongations was complemented by high-
ly reversible retention of nearly constant con-
ductance over thousands of high strain cycles,
extremely small changes in conductance dur-
ing small radius coiling, and no degradation in
conductance during fiber twisting, which is im-
portant for electrically driven torsional actuation.
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Fig. 2. The strain dependence of electrical properties for sheath-core fibers. (A) Measured data
points and predicted curves for the dependence of resistance on strain for NTSm@fibers (black circles),
rubber@NTS50@fibers (red diamonds), and seven-ply rubber@NTS90@fibers (red squares). sC and sD are
conductivities in the axial direction and in the inter-buckle contact region, respectively. (B) Resistance
change versus strain for NTSm@fibers under increasing strain (open circles) and decreasing strain (solid
circles). The inset shows the dependence of the available strain range and the maximum percent re-
sistance change onm. (C) Comparison ofQ and themaximum reversible tensile strain for the sheath-core
fibers in our study and previous elastomeric conductors with a strain range ≥200%. Red squares (open
for rubber@NTSm@fibers, solid for NTSm@fibers) represent our results; blue symbols represent results
previously published in the literature, which are described in the table on the right. The arrow indicates
the direction of property changes (improvements) compared with previous results.
Fig. 3. Electromechanical response of coiled sheath-core fibers. (A) Resistance change versus strain
for coiled rubber@NTS19@fibers made by mandrel-free coiling (black circles) and by coiling a fiber on a
rigid mandrel of similar diameter (red diamonds). (B) The strain dependence of capacitance and linear
capacitance (per instantaneous length) of NTS4@rubber@NTS3@fibers.The upper inset shows the capaci-
tance change during selected cycles to 950% strain. The lower inset illustrates the fiber’s structure and
uses the symbol for a variable capacitor to indicate the fiber’s tunable capacitance. In (A) and (B), open
and solid symbols indicate increasing and decreasing strains, respectively.
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For example, the resistance change over a 500%
strain range varied little during 2000 cycles
for rubber@NTS15@fibers (from 0.22 to 0.36%)
(fig. S6A). Similarly, completely coiling a 1.5-mm-
diameter rubber@NTS200@fiber arounda0.5-mm-
diameter mandrel decreased resistance by only
0.7% (fig. S6C). Finally, inserting 37 turns/cm of
twist into a 1.7-mm-diameter rubber@NTS50@
fiber at a constant load (37.1 kPa, normalized to
the original diameter) caused a 0.76% decrease
in resistance (fig. S6B), probably because of in-
creased inter-nanotube electronic connectivity
produced by twist-induced NTS densification.
A tightly knotted rubber@NTS116@fiber under-
went a <3% resistance change when elongated
to 600% strain (fig. S3C). Additionally, the resist-
ance of a 1.7-mm-diameter rubber@NTS92@fiber
changed less than 2.8%when itwas cyclically bent
to a radius of 2 mm for 200,000 cycles (fig. S6E).
The large strain range (and the small depen-
dence of fiber resistance on strain) of the NTSm@
fiber encouraged our fabrication of the NTSn@
rubber@NTSm@fiber for use as a fiber capacitor,
tensile strain sensor, and artificial muscle that
combines torsional and tensile actuation. Be-
cause the choice of small n andm values enabled
especially large strain ranges where electronic
properties were reversible, we used n = 10 and
m = 20 for these studies unless otherwise
indicated.
Relevant for its application as a capacitive
strain sensor, a 950% stretch of an NTS4@rubber
@NTS3@fiber provided a 860% increase in ca-
pacitance (C), and this capacitance change was
largely nonhysteretic and reversible (Fig. 3B). This
percent of capacitance change was substantial-
ly higher than that obtained for an elastomeric
fiber dielectric capacitor [230% for a maximum
300% strain, using carbon black–elastomer com-
posite as electrodes (23)] and for an electrochem-
ical fiber supercapacitor [7.5% for a maximum
strain of 400%, using NTS electrodes wrapped
helically around a rubber core (17)].
Capacitance measurements for the stretched
fiber provide a convenient means to determine
strain, and our results show that both high lin-
earity and high sensitivity can be obtained over
an immense strain range (Fig. 3B). In agreement
with the theoretical prediction that DC/C0 = DL/L0
(22), the data show that the change in capacitance
is linearly proportional to the change in length and
that the proportionality constant (0.91) is close to
unity. This end-to-end capacitance could be used
to control muscle stroke for artificial muscles.
Artificial muscles based on the electrostatic
attraction between electrodes of dielectric rub-
ber capacitors are well known and commercial-
ly exploited (24–28). High-stroke torsional fiber
muscles have been made by inserting twist into
sheath-core NTSn@rubber@NTSm@fibers while
maintaining a constant fiber length (22). The
amount of inserted twistwas far below the amount
needed to provide coiling (22). The twisted fiber
geometry in our fabrication provides torsional
actuators with a torsional stroke per muscle
length up to 104 times the value previously dem-
onstrated for electrically driven, nonthermal, non-
electrochemical muscle fibers (29, 30). It avoids
the Carnot efficiency limit of thermally powered
artificial muscles and the use of liquids or vapors
for electrochemically or absorption-poweredmus-
cles (31–33).
The first actuator that we fabricated com-
prised a twist-inserted dielectric muscle that
was mechanically in series with a nonactuating
rubber fiber, which served as a torsional return
spring (Fig. 4A, inset). Our theoretical analysis
shows that to maximize torsional stroke, the
torsional return spring should serve as a reser-
voir of twist at constant torque (22). Therefore,
it should have low torsional stiffness, so that the
inserted twist is large compared to the torsional
stroke. This muscle operated isobarically (i.e.,
under a constant applied tensile load), such that
it provided both tensile and torsional actuation.
The applied load during isobaric actuation pro-
hibited coiling. Themaximumapplied electric field
was between 10.3 and 11.7 million volts (MV)/m.
One might expect that the torsional stroke for
a noncoiled NTSn@rubber@NTSm@fiber would
linearly increase with inserted twist. This is not
the case because of the nonlinear elastic behavior
of the rubber at high strains, which is apparent
in the measured tensile stress-strain curve (fig.
S5B) and the dependence of torsional stiffness on
the stretch ratio (fig. S11). For an intermediate
degree of twist insertion, the torsional stiffness of
the rubber is low, which enables the torque of
torsional actuation to act as an enhanced tor-
sional stroke. Torsional stroke for isobaric actua-
tionwasmaximized for a0.9-mm-diameterNTS10@
rubber@NTS20@fiber by inserting 3.20 turns/cm
of twist (Fig. 4B).
The dependencies of maximum equilibrium
rotation angle, rotation speed, and tensile stroke
on the applied field and inserted twist for an iso-
barically operated NTS10@rubber@NTS20@fiber
muscle are shown in Fig. 4, A and B. The torsional
stroke reached a maximum value of 21.8°/cm for
this 0.9-mm-diameter muscle. When applying a
square-wave voltage pulse (fig. S14), tensile and
torsional strokes simultaneously reached peak
values for a 2-mm-diameter fiber of this type
(4.1% and 7.8°/cm, respectively); they then simul-
taneously decayed to steady-state tensile and tor-
sional strokes of 2.9% and 6.1°/cm, respectively
(fig. S14).
Theory can be used to quantitatively explain
these results for the low-twist region and to show
that the drive mechanism for torsional actuation
is fundamentally different from that for previ-
ously fabricated torsional muscles (22). For ear-
lier electrochemically or thermally driven hybrid
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Fig. 4. Maximum equilibrium muscle strokes and maximum rotation speeds obtained using a sin-
gle voltage step for single-ply and two-ply NTS10@rubber@NTS20@fibers. (A) Theoretical (dashed
curves) and experimental data points showing the dependence of the rotation angle and tensile stroke
on the electric field for an isobarically operated single-plymuscle, plied using 3.20 turns/cm of twist.The
inset shows the relationship between the maximum rotation speed and the torsional stroke. (B) The
dependence of the rotation angle, rotation speed, and tensile stroke on the inserted twist for the single-
ply muscle in (A), operated isobarically at a field of 10.3 MV/m. (C) The dependence of the rotation
angle and tensile stroke on the electric field for an isobarically operated two-ply muscle, plied using
3.47 turns/cm of twist.The inset shows the relationship between the maximum rotation speed and the
torsional stroke. (D) The dependence of the rotation angle, rotation speed, and tensile stroke on the
inserted twist for the two-plymuscle in (B), operated isobarically at a field of 11.7MV/m.The fabrication
strain for the single- and two-ply muscles was 900%.The applied stress was 15.6 kPa for the single-ply
muscle and 10.0 kPa for the two-ply muscle.
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nanofiber muscles, the volume change of guest
material in the twisted nanofiber yarns has driv-
en both tensile and torsional actuation (32). On
the other hand, tensile actuation of coiled, ther-
mally drivenpolymer fibermuscleshasbeen shown
experimentally and theoretically to be driven by
torsional rotation of the twisted fiber (31).
Similar to planar dielectric muscles, the elec-
trostatic attraction between cylindrical capacitor
electrodes in the twisted rubber muscle gener-
ates a stress that reduces the thickness of the
rubber dielectric in the muscle (25). Because the
rubber in the muscle core and surrounding ca-
pacitor has a Poisson’s ratio of ∼0.5, the muscle
increases in length to conserve volume. The re-
sulting reduced torsional stiffness of the actuat-
ing segment causes a transfer of twist to the
actuating segment, such that the paddle rotates
to maintain torque balance. Consequently, tor-
sional actuation arises from two complementary
effects on torsional stiffness: the increase inmuscle
length and the decrease of muscle diameter
caused by the large positive Poisson’s ratio.
Using aneo-Hookeanhyperelasticmodel shows
that the coupling of tensile to torsional actuation
is realized through an equivalent axial force,
which effectively reduces the torsional stiffness
of the muscle fiber and causes it to uptwist.
Theory and experiment show that torsional ac-
tuation is quadratic with the electric field and
linear with the initial inserted twist (22). Because
the same torsional actuation energy is responsi-
ble for the maximum kinetic energy of the pad-
dle, themaximum torsional stroke is proportional
to maximum rotation speed, as we observed ex-
perimentally (Fig. 4A, inset). Theory accurately
predicts the measured field dependence of tor-
sional and tensile stroke (Fig. 4A). A more sophis-
ticated nonlinear model (22), which considers
the nonlinear stress-strain relationship of rub-
ber, explains the observed plateau in torsional
stroke when the inserted twist is high (Fig. 4B).
Other configurations were explored as alter-
natives to the isobaric single-ply torsionalmuscle
described above. An isometric (constant length),
single-ply, dual-segment torsional muscle pro-
vided a slightly smaller equilibrium torsional
stroke than did the isobaric (constant load) con-
figuration shown in Fig. 4, because tensile stroke
(which drives torsional actuation) was partial-
ly absorbed by the contraction of the torsional
return spring. Instead of inserting twist in a
single-plyNTSn@rubber@NTSm@fiber, wemade
a torsional muscle by plying together (with 3.47
turns/cm of twist) two 0.9-mm-diameter, non-
twisted NTS10@rubber@NTS20@fibers. When
this two-ply muscle was operated isobarically
in the muscle–return-spring configuration used
for the single-ply muscles, an unusually large
torsional stroke was observed (44.4°/cm) with a
tensile stroke of 3.7% (Fig. 4, C and D). The tor-
sional actuation of the two-ply muscle is shown
in movie S1.
Similar to thermally driven torsional muscles,
theory predicts that the product of muscle
diameter and stroke is scale-invariant for dielec-
tric torsionalmuscles (22).Hence, torsional stroke
per muscle length for a given electric field can be
dramatically increased (while the voltage is de-
creased) by proportionally decreasing core and
sheath thicknesses, as long as the bias angle a is
kept constant, where tana = pDTw (D is the
muscle diameter; Tw is the inserted twist in turns
per muscle length). This inverse dependence of
torsional stroke onmuscle diametermust be con-
sidered when comparing the torsional strokes of
muscleswith different diameters. Electrothermal-
ly or electrochemically driven fiber-basedmuscles
with smaller diameters providemuch higher tor-
sional strokes per muscle length (32, 34). Never-
theless, when this length-normalized torsional
stroke is scaled by multiplying by the fiber diam-
eter, the dielectric fiber torsional muscles that are
advantageously liquid-free and unlimited in
Carnot efficiency provide length- and diameter-
corrected torsional strokes of 1.50° for single-ply
muscles and 4.71° for the two-ply muscle. These
values are comparable to those measured for the
highest performing electrically driven torsional
muscles [0.71° for electrothermally driven wax-
filled CNT yarn muscles (32), 4.30° for electro-
thermally driven nylon muscles (31), and 2.16°
for electrochemically driven CNT muscles (34)].
Various potential applications for the sheath-
core conducting fibers are suggested by our re-
sults. The capacitance-based torsional actuation
could be exploited for rotating optical elements,
such as mirrors, in optical circuits. For applica-
tions in which increased electrical conductance
or capacitance is needed (9, 15), we have shown
that a fundamentally unlimited number of in-
dividual small-diameter NTSm@fibers or NTSn@
rubber@NTSm@fibers can be plied together
(using a small plying angle) or interconnected
by infiltrated rubber (applied in the zero-stress
state) without a loss of per-fiber performance
(22). Additionally, we can increase the conduc-
tivity of an fiber stretched to 870% by a factor
of 13 (realizing a conductivity of 360 S/m) by
reducing the diameter of the rubber core from
2 mm to 150 mm while maintaining constant
sheath thickness (fig. S15). The elastomeric fi-
bers of our designmight be deployable for such
applications as pacemaker leads (movie S2) (35).
Other possibilities include cables that are ex-
tendable up to 31 times their initial length with-
out significant resistance change, which could
be applied for morphing structures in space, ro-
botic arms or exoskeletons capable of extreme
reach, or interconnects for highly elastic elec-
tronic circuits.
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Materials and Methods 
1. Fabrication of sheath-core superelastic CNT/rubber fibers 
We replace the frequently used laminate of a carbon nanotube (CNT) sheet 
conductor on a stretched rubber sheet with a multilayer CNT sheath on a rubber fiber 
core. NTSm@fiber denotes that m carbon nanotube sheet (NTS) layers were wrapped 
around a rubber fiber core. NTSm@fibers were fabricated from highly oriented carbon 
multiwall nanotube (MWNT) aerogel sheets, which were drawn from CNT forests (21). 
The rubber core and rubber sheath consisted of styrene-(ethylene-butylene)-styrene 
(SEBS) block copolymer (Kraton, G-1651H), which contained a plasticizer (ExxonMobil, 
Marcol 82). The weight ratio of polymer to plasticizer was 1:5 for the conducting fibers 
and 1:3 for the muscle fibers.  
The process for making a NTSm@fiber is illustrated in Fig. 1A and Fig. S1. First, 
two opposite ends of a melt-spun, plasticized SEBS rubber fiber were attached between 
the shafts of two motors and then the rubber fiber core was highly stretched. Unless 
otherwise indicated, this original strain (called the fabrication strain) was 1400%. 
Freestanding nanotube sheet was supported on a U-shaped frame that was mounted on a 
translation stage. To attach the NTS onto the rubber fiber, the two motors synchronously 
rotated the stretched rubber fiber, so no net twist was introduced. The NTS was brought 
into contact with the rotating rubber fiber, so it was wrapped onto the fiber, like a jelly 
roll. Importantly, the alignment direction of the carbon nanotubes was in the axial 
direction of the rubber fiber. After completion of wrapping, where the number of NTS 
layers m was controlled by counting the number of turns of the rubber fiber, ethanol (98%) 
was used to densify the NTSs onto the rubber fiber. After drying in air, the strain in the 
stretched rubber fiber was slowly released to form the non-stretched NTSm@fiber. A 
rubber@NTSm@fiber was obtained by spray-coating a 6-µm-thick layer of rubber (5 wt% 
plasticized SEBS in cyclohexane), while the NTSm@fiber was in the fully stretched state. 
Then the fiber was first allowed to dry in air and then slowly released to its relaxed length. 
A picture of a knotted rubber@NTSm@fiber is shown in Fig. S2, A to C. Unless 
otherwise indicated, all stresses and strains mentioned are engineering values.  
Structure and properties characterizations are for conducting elastomer fibers that 
have been preconditioned by applying five cycles of stretch-release to the maximum 
strain that does not plastically stretch the NTSs in the sheet alignment direction. 
Exceeding this fabrication strain, which is measured with respect to a non-elastically 
deformed rubber core, would cause irreversible plastic draw of the carbon nanotube 
sheath in the nanotube alignment direction. Since the fabrication strain is the strain that is 
applied to the rubber core before application of the CNT sheath, this strain is an 
engineering strain measured with respect to the length of the non-deformed rubber core. 
On the other hand, after application of the CNT sheath, the length of the non-stretched 
sheath-core fiber is elongated with respect to the length of the non-deformed rubber core. 
Hence, when referring to applied strains for the sheath-core fiber, the engineering strain 
is with respect to the relaxed length of the sheath-core fiber, which is longer than that of 
the non-deformed rubber core. 
To increase electrical conductance, seven individual rubber@NTS90@fibers were 
plied together without twist to make a 7-ply elastic conductor cable. To fabricate this 
cable, seven unstrained rubber@NTS90@fibers were closely arranged parallel in a 
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hexagonal close-packed structure, as shown in the Fig. S3D inset, and then bonded 
together by infiltrating the above described solution of plasticized SEBS rubber. The 
plied conductor cable, which could be reversibly stretched to 990% strain, showed no 
loss of elasticity compared with the individual rubber@NTS90@fibers. As expected, the 
total resistance decreased 7-fold, and surprisingly, the resistance change over this 990% 
strain range decreased from 10% for individual rubber@NTS90@fiber to 4% for the 7-ply 
conductor cable. The corresponding quality factor (Q = percent strain/percent resistance 
change) increased from 97 for the individual fiber to 250 for the 7-ply cable. This 
increase in Q likely results from more complete elimination of axial direction inter-
buckle contacts due to the thicker applied rubber layer.  
To downsize the diameter of the elastomeric fiber core to micron scale (which is 
equivalent to downsizing the sheath-core fiber to the same diameter, since most of the 
fiber diameter is due to the rubber core), melt spinning was used to produce a 150-µm 
diameter rubber fiber core. Deploying the same technique used for making the 2-mm 
diameter NTSm@fiber, we prepared a 150-µm-diameter NTS8@fiber. Fig. S15A shows a 
SEM image of the 150-µm-diameter NTS8@fiber at 300% strain. The fabrication strain 
was 1400%, the maximum resistance change was 25% over the reversible strain range of 
870% (Fig. S15B), which corresponds to Q = 35. In addition, a rubber overcoating was 
applied to a NTS8@fiber to form a 150-µm-diameter rubber@NTS8@fiber. As a result of 
this overcoating, the maximum resistance change over the reversible 840% strain range 
was reduced to 9%, corresponding to a quality factor of 93 (Fig. S15C). This reduction in 
rubber fiber core diameter from the previously used 2 mm (Fig. S15D) to 150 µm, 
without changing the sheath thickness, increased 13-fold the fiber conductivity at 870% 
strain (to 360 S/m).  
NTSn@rubber@NTSm@fiber capacitors, based on a 2-mm-diameter rubber core, 
were fabricated using a similar approach. In this case the thickness of the solution-
deposited rubber layer (~150 µm) was greater than for the rubber layer in 
rubber@NTSm@fiber and the rubber layer was deposited while the NTSm@fiber was in 
relaxed state. After depositing this rubber layer, the rubber@NTSm@fiber was re-
stretched to the fabrication strain of the rubber core, and n layers of NTSs were wrapped 
onto the stretched rubber@NTSm@fiber core and densified using ethanol. As for the 
interior NTSm sheath, the MWNT alignment direction for the NTSn sheath coincided with 
the fiber axial direction. The assembly was then released to its relaxed length, forming 
the NTSn@rubber@NTSm@fiber capacitor. The NTSn and NTSm layers act as the two 
electrodes of the capacitor, which can be used as a capacitive tensile strain sensor that 
utilizes the linear dependence of capacitance on strain.  
 
2. Fabrication of artificial muscles  
Dielectric torsional actuators were fabricated using a hybrid fiber that contained 
linearly connected NTSn@rubber@NTSm@fiber and non-actuating rubber fiber segments, 
where the latter segment served as a torsional return spring. Using guidance from theory 
(Section 7) to maximize torsional stroke, the torsional return spring should serve as a 
reservoir of twist while providing nearly constant torque. Therefore, this return spring 
should have low torsional stiffness, so that the amount of twist in it is large compared to 
the torsional stroke. Torsional stroke was characterized by using a paddle that was 
attached near the midpoint between the actuating fiber segment and the return spring. To 
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complete fabrication of the muscle, twist was added to the entire fiber (containing both 
segments) while maintaining a constant length. Using guidance from both theory and 
experiment, the amount of inserted twist was varied to maximize torsional stroke (Fig. 
4B). To maximize tensile stroke, the thickness of rubber layer was increased from the 
~150 µm that was used for the capacitive strain sensor to ~300 µm. The amount of 
inserted twist (3.20 turns/cm for single-ply muscles) that maximized torsional stroke is 
much lower than the inserted twist that is required to produce coiling of the rubber fiber. 
This twist amount to produce coiling (Tcoil, in turns per cm of non-stretched length) for a 
rubber core of non-stretched diameter D0 was D0Tcoil = 1.1 turns, 1.2 turns, and 1.7 turns 
for applied tensile stresses of 4.0, 8.8, and 24.4 kPa, respectively. Here and elsewhere, 
tensile stress is normalized with respect to the cross-sectional area of the unloaded 
muscle segment.  
In addition to using a twist-inserted NTSn@rubber@NTSm@fiber as the actuating 
segment, we also evaluated the performance of two non-twist-inserted 
NTSn@rubber@NTSm@fibers that were plied together using twist. For reported 
measurements, the component NTS10@rubber@NTS20@fibers were 0.9 mm in diameter 
and 7.2 cm long. The twist density used for plying was 3.47 turns/cm, based on the length 
of each segment. The torsional return spring (made of similar SEBS rubber as the 
actuating segment) was also two-ply and comprised individual fibers that were 0.5 mm in 
diameter and 6.5 cm long. This two-ply muscle configuration was operated isobarically, 
so it provides both tensile and torsional actuation. 
Opposite ends of the torsional muscle/return-spring assembly were torsionally 
tethered to prohibit rotation of these ends. Torsional actuation was measured under either 
constant tensile load or by maintaining a fixed length for the entire muscle/return-spring 
assembly. Actuation was characterized by measuring torsional rotation (or torsional 
rotation combined with tensile actuation for isobaric measurements) as a function of the 
voltage applied between the two sheath electrodes, NTSn and NTSm. Tensile and torsional 
actuation data was recorded by a high resolution video camera. 
Figure 4 shows the maximum equilibrium rotation angle, rotation speed, and 
tensile stroke as a function of the electrical field and twist density for an isobarically 
operated single-ply and two-ply NTS10@rubber@NTS20@fiber torsional muscle. When 
operated using the similar applied voltages, the observed static-field tensile stroke for the 
single-ply muscle (3.4%) was similar to that for the two-ply muscle (3.7%). However, the 
obtained steady-state torsional strokes increased from 21.8°/cm for the single-ply muscle 
to 44.4°/cm for the two-ply muscle.  
 
3. Characterization of the mechanical and electrical properties of CNT sheets, rubber 
fibers, and sheath-core fibers 
The Poisson’s ratio as a function of strain for the rubber fiber was experimentally 
obtained from high resolution images acquired during stretching. Using image analysis 
software, the fiber’s diameter (D) was measured as a function of fiber length (L) during 
elastic stretching. The Poisson’s ratio (ν) for true strain is defined using the following 
equation: 
    .      (S3.1) d log
d log
D
L
− = ν
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Using this equation, the average Poisson’s ratios over 10% increments of true 
strain (and its standard deviation) were derived from a plot of log D as a function of log L 
during elastic elongation. As shown in Fig. S4A the measured Poisson's ratio for the 
rubber fiber was close to 0.5 up to the maximum investigated engineering strain (1300%), 
which means that almost no volume change occurs during the elastic stretch/release 
cycles.  
The mechanical properties of stacked nanotube sheets and rubber fibers were 
obtained using an Instron mechanical tester (Model 5969). Stress-strain curves for non-
densified and densified NTS stacks are shown in Fig. S5A. The stress-strain curve of the 
SEBS rubber fiber used for actuators is shown in Fig. S5B. The engineering stress-strain 
curve was converted to a true stress-strain curve, and then the Young’s modulus of rubber 
fiber (Er), 37 kPa, was calculated by linear curve fitting for true strain < 30%, as shown in 
the Fig. S5B inset.  
The adhesive strength between the NTS layer and a planar SEBS rubber substrate 
was evaluated by using two samples, with 30 and 207 layers of NTSs attached to one side 
of a flat rubber sheet. During fabrication, the rubber sheet was stretched to 1100% strain, 
and CNT sheet stacks were applied (without using an adhesive) so that CNT orientation 
direction was parallel to the stretch direction. When the 30 layer CNT sheets/rubber 
assembly was released, the composite sheet bent, with the NTS30 side outwards (Fig. 
S2D). A thicker NTS layer (NTS207) induced an even smaller bending radius (Fig. S2E). 
These results indicate that the strong interaction between the NTSs and the rubber 
prevents the elastomeric film from returning to its original length.  
As previously reported (21), the NTS has a highly anisotropic structure, with 
nanotube bundles aligned along the sheet draw direction and much weaker bonding in 
orthogonal directions. Hence, to minimize the effect of the CNTs on changes in rubber 
fiber diameter, the CNT sheets are wrapped around the rubber core so that the axial 
directions of the nanotubes and the rubber core coincide. The corresponding angle 
between the axial directions of CNTs and the rubber fiber, called the bias angle, is zero. 
If the bias angle for sheet wrapping deviates even slightly from zero, we observe a greatly 
enhanced restriction on fiber diameter change during release of stretch. This restriction 
limits the final contraction of a NTS80@fiber (Fig. S4B).  
The strain dependences of the electrical resistances of NTSm@fibers and 
rubber@NTSm@fibers were obtained by two-probe resistance measurements. Stretch was 
applied along the axial direction of the sheath-core fiber using a homemade fixture. 
Electrical resistance measurements during twisting and coiling were performed on a 
rubber@NTSm@fiber (Fig. S6, B and C). A BK Precision model 810C capacitance meter 
was used to measure the capacitance of NTSn@rubber@NTSm@fibers. 
 
4. Observation of hierarchical buckling in NTSm@fibers 
We used scanning electron microscope (SEM) to characterize the effect of NTS 
stack thickness, fabrication strain, and elongation on the structure of NTSm@fibers. SEM 
images were obtained on a LEO 1530VP SEM using an acceleration voltage of 5 kV. 
SEM images of the side-wall of a NTS180@fiber in Fig. 1, C and D, at different 
magnifications, show the long-period and short-period buckles. A cross-sectional image 
(Fig. S7) was obtained by cutting the fiber along the fiber direction, using a sharp blade, 
after freezing the fiber in liquid nitrogen.  
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Unless otherwise indicated, we here and elsewhere used a fabrication strain (i.e., 
the strain applied to the rubber core before CNT sheet wrapping) of 1400% and a rubber 
core diameter of 2 mm. As shown in Fig. S8 for m = 1 at 0% strain, only in-plane 
buckling occurs when m is small. This image can be contrasted with that obtained at 0% 
strain for a sheath-core fiber having m = 100 (Fig. S9E). As the number of NTS layers 
increases (Fig. S9), short-range buckling appears (at m > 5). As shown in Fig. S9E, for m 
= 100, the occurrence of long-period buckling requires a larger value of m (>100). 
Supplementary Text 
5. Theoretical analysis of the dependence of fiber resistance on strain 
We here provide theoretical support for our hypothesis that the observed decrease 
in resistance of a NTSm@fiber at low applied strains results from contact between 
adjacent short-period axial buckles. This strain-dependent inter-buckle contact provides a 
new pathway for electrical transport, which augments pathways along the local nanotube 
alignment direction.  
Since sheet buckling does not appreciably change the electronic path length along 
the axial buckles, which is parallel to the local nanotube alignment direction, the 
resistance along this high conductivity path between fiber ends is essentially independent 
of NTSm@fiber elongation. On the other hand, as the axial buckles come into increasing 
contact as strain decreases, the contact area between successive buckles will eventually 
become sufficiently large that appreciable current can flow in the low conductivity 
direction of the buckled sheets, which is the axial direction of the rubber core fiber. The 
preferred conduction path will remain along the nanotubes, but some current will also 
flow through the inter-buckle contacts. In terms of a resistor network model for 
conductance along the sheath-core fiber, these two pathways act like resistors that are in 
parallel. 
To model this effect, we considered that a material having very low conductivity 
fills the gaps between axial buckles, and thereby provides a new current path when the 
fiber is sufficiently compressed that buckles contact. The complex topology of the actual 
contact region is approximated by a hypothetical homogeneous region. To further 
simplify the structural model, the surface of the fiber was treated as being axially 
symmetric. We consider only short-period axial buckling, and ignore buckling along the 
belt direction. 
As shown in Fig. S10, the shape of the short-period axial buckles on the fiber 
surface was approximated by a square wave. The total resistance is proportional to the 
resistance of a single period. Because the total length of the NTS layer must be preserved, 
the amplitude of the square wave (A) can be expressed as a function of the original length 
of the NTS layer (l0), the contracted length (l), and the sheet width (w): 
   .               (S5.1) 
This equation means that the square wave amplitude increases, to preserve sheet length, 
as the buckles come closer together.  
Approximating the electric field to be in the direction of the arrows shown in Fig. 
S10, the line integral of electric field along any path connecting two fiber ends must 
equal the potential difference between these ends (U/j), where U is the voltage applied to 
the fiber and j is the number of wave periods that the fiber contains. Therefore, if EC is 
the electric field along the CNT alignment direction and ED the electric field in the 
0 2
2
l w lA + −=
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contact region between buckles, integration along two different paths can be taken (one 
along the buckles, following the wave, and the other in the fiber axial direction at buckle 
mid-point). Hence, ECl0 = U/j and ED(l − 2w) = U/j. The total current flowing towards 
the right side of Fig. S10 is: 
   𝐼 = 2𝜋𝐸CσC𝑤𝑟 + 2𝜋𝐸DσD(𝐴 − 𝑤)𝑟 ,                   (S5.2) 
where σC and σD are the electrical conductivities along and between the buckles, 
respectively, and r is the fiber radius. Substituting the dependence of A on elongation, 
and the dependence of ED and EC on U, we obtain for m sheet layers in the sheath: 
   .   (S5.3)  
Finally, using Ohm’s law and taking the limit as w approaches zero, since the sheet width 
is much smaller than its length, the total resistance (R) is given by:  
   ,    (S5.4) 
where RC is the resistance of the CNT sheath, when there is no contact due to buckling, 
and λ = l/l0. Note that electrical transport along and between axial buckles contributes 
like resistors in parallel. 
Using Eqn. S5.4 for this resistor network model, the experimental data for any 
number of sheet layers can be fit by using one free parameter (σD) and the measured 
resistance of the fully stretched fiber, as shown in Fig. 2A. The ratio of σC to σD varies 
between 26 for m = 1 and 58 for m = 200. This anisotropy ratio for large m, when out-of-
plane buckling occurs, is closer to the measured electrical anisotropy of the non-densified 
planar CNT aerogel sheets (50-70) than to that for densified CNT sheets (10-20). Since 
the inter-buckle contact occurs during formation of new electrical connection, this closer 
agreement with results for non-densified sheets is reasonable. However, considering the 
simplicity of the model, we believe that even a factor of two discrepancy between 
theoretical prediction and experiment is still remarkably good. Hence this simplified, 
single-free-parameter model provides very good agreement with the available 
experimental data, despite the limited experimental information on structural evolution 
during buckle contact.  
 
6. Theoretical analysis of tensile actuation for fiber capacitors 
The deformation of an actuating fiber capacitor can be described as that of a solid 
circular cylinder of incompressible rubber, assuming that the nanotube sheaths contribute 
negligibly to elastic energy compared to the rubber core and rubber sheath components. 
The energy of capacitor charging is being converted into electrostatic energy stored in the 
capacitor, as well as elastic energy. Electrostatic radial attraction between electrodes 
decreases inter-electrode separation, which causes the fiber to elongate to conserve 
volume. Taking the energy balance of the system, letting Wext be the energy given by the 
power source, Wel the electrostatic energy, Wm the mechanical energy, and L the length of 
the cylinder, we can write: 
    .     (S6.1) 
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By taking the time derivative of the energy of the power source as a function of 
potential U and charge q, and applying the chain rule to convert from time to L as the 
independent variable, the following equation results: 
   .  (S6.2) 
Substituting into Eqn. S6.2, q = CU, where C is the capacitance of the actuator and 
Wel = CU2/2: 
   (S6.3) 
.     (S6.4) 
The capacitance of a cylindrical capacitor with length L, inner and outer radii a 
and b, respectively, and dielectric permittivity εc is 
   .      (S6.5) 
Approximating the rubber to be incompressible and the dielectric permittivity (εc) 
to be strain independent, equation (S6.5) predicts that ∆C/C0 = ∆L/L0, where the 
subscripts indicate zero-strain values. Taking into account that the ratio b/a is constant 
during deformation, due to incompressibility of the rubber fiber and the negligible 
thickness of the CNT sheaths: 
   .        (S6.6) 
Substituting Eqn. S6.6 into Eqn. S6.4, the derivative of the mechanical potential 
with respect to displacement is a constant. In other words, applying a voltage U to this 
sheath-core rubber capacitor is equivalent to applying the following tensile force in the 
axial direction:  
   .     (S6.7) 
This reduction to a simple axial tensile force results because the geometrical 
constraint imposed by rubber incompressibility forces the entire core-sheath system to 
deform in the same manner as a single incompressible cylinder. For small tensile strains 
(up to 10%) from the non-actuated equilibrium position, the Young's modulus Er of the 
rubber is approximately constant, so the relation between tensile actuation and applied 
voltage is quadratic 
   ,   (S6.8) 
where A0 is the cross-sectional area of the rubber core, L0 is its initial length, and ΔL is 
the tensile actuation.  
Figure 4A compares experimental data with the theoretical prediction, obtained 
using the measured parameters for the actuator, the Young’s modulus of the rubber for 
small strains is obtained by a linear fit to experimental data, as shown of Fig. S5B: εc = 
2.66 × 10–11 F/m, L0 = 11.9 cm, Er = 37 kPa, b = 0.45 mm, a = 0.15 mm. 
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7. Theoretical analysis of torsional actuation 
This section provides theoretical results showing that tensile actuation of the 
muscle fiber drives torsional actuation, which contrasts with the case for previously 
realized torsional muscles. The examined configuration for torsional actuation (Fig. 4A, 
inset) consists of a sheath-core capacitor fiber that is connected in series with a non-
actuating elastic return spring. The top end of this twist-inserted muscle structure is 
torsionally and positionally tethered and the bottom end is isobarically loaded and 
torsionally tethered. The paddle rotated by the torsional muscle is placed near the 
intersection between actuated and non-actuated segments.  
The following calculation shows that a soft material should be used for the 
torsional return spring. If k is the torsional spring constant of the non-actuating segment, 
the initial torque on this segment before actuation is T0 = kθ0, where θ0 is the initial 
torsional angle of the paddle. The corresponding final torque for the static, actuated state 
is Ta = k(θ0 − θa), where θa is the torsional stroke. Hence, the ratio of the final torque Ta to 
the initial torque T0 is Ta/T0 = 1 − (θa/θ0). This equation indicates that the torsional return 
spring should be very soft, in the sense that this spring can accommodate a large number 
of inserted turns (relative to the torsional turns during actuation), in order to generate an 
optimized torque during actuation. This soft behavior of the return spring can be achieved 
by selecting a combination of a low shear modulus material, a small fiber diameter, and a 
long return spring length. In this case the second term in the above equation for Ta/T0 
goes to zero, and the actuation can be said to occur at essentially constant torque T0. 
Using the above described soft torsional return spring, we next calculate the 
dependence of torsional stroke on tensile stroke, and therefore the voltage dependence of 
torsional stroke. In a classic linear elasticity model, the torsional stiffness of a cylindrical 
rod of diameter D is invariant with respect to axial stretch or inserted twist and is given 
by Kt = πGr04/(2L0), where G is the shear modulus, L0 and r0 are length and radius, 
respectively, of the non-actuated muscle segment. This means that the rod generates a 
restoring torque T = Ktθ when one of its ends has an angular deflection θ applied relative 
to the other end. While this formula is valid only for very small tensile strains and 
angular rotations, it provides a framework for understanding the basic nature of actuation. 
When voltage is applied to the sheath electrodes of the fiber capacitor, the generated 
radial compressive electrostatic force increases fiber length while decreasing its radius. 
Hence, the torsional stiffness of the actuated segment decreases because of both a radius 
decrease and a length increase, as provided by the above equation for Kt. Since the return 
spring is maintaining a constant applied torque to the actuating segment, it will uptwist to 
compensate for the loss of stiffness, thereby rotating the paddle. 
To enable prediction of torsional stroke for larger tensile strain, a slightly more 
sophisticated neo-Hookean model for an incompressible hyperelastic material is used. 
This enables more reliable prediction of the dependence of the torsional stiffness on 
elongation, K(λ). The stretch ratio λ = L/L0, where L is the instantaneous length of the 
rod. In this model, the energy density function has the form W = (G/2)(I1 − 3), where G is 
the shear modulus of the actuating fiber segment and I1 is the first invariant of the left 
Cauchy–Green deformation tensor, which is a measure of the deformation that is imposed 
on the fiber.  
To exploit this neo-Hookean model, we utilized the relationship derived by Rivlin  
(38) between torque T(λ,ψ), and the twist angle per rod length ψ = θ/L: 
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   ,    (S7.1) 
where I1 = λ2 + 2/λ + λψ2r2, and r is the radial distance from rod center. By using the 
chosen neo-Hookean energy density function W: 
   .  (S7.2) 
Figure S11 compares, for zero twist, the K(λ) predicted using Eqn. S7.2 and the 
experimentally measured values. Torsional actuation as a function of tensile actuation, at 
constant torque T0, can be obtained from this equation. Before actuation, where the 
inserted twist angle is θ0, T0 = Ktθ0. After actuation, T0 = (Kt/λ)(θ0 + Δθ), and by 
combining both equations: 
   ,     (S7.3) 
where ψ0 is the initial inserted twist angle per length. Using these theoretical results, we 
obtained good agreement between the predicted and measured dependence of torsional 
actuation on voltage. Eqn. S6.8 shows that ΔL quadratically depends on voltage (for 
small tensile strains) and Eqn. S7.3 indicates that Δθ linearly depends on ΔL, so it also 
quadratically depends on voltage, as shown by the comparison of theoretical and 
experimental results in Fig. 4A. 
Because this model does not take into account the dependence of torsional 
stiffness K on inserted twist, it is unable to model the stiffening of the rubber that occurs 
after excessive twist is inserted. The model therefore predicts, contrary to experimental 
observations, that torsional actuation increases without bounds with increasing initially 
inserted twist. Twist insertion under constant load initially elongates the fiber, and the 
fiber contracts at higher twist insertion. Hence, the theory breaks down for this higher 
twist, where torsional stiffness increases with increasing twist or elongation. This 
breakdown region can be seen in Fig. S11 for λ above ~5, where the neo-Hookean model 
is no longer valid, which explains why the effect of inserted twist on torsional actuation 
saturates, so there is no benefit of adding additional twist (Fig. 4B). 
As shown in Fig. S11, improved prediction of the dependence of torsional 
stiffness on tensile strain can be obtained by using an even more refined polynomial 
model for the energy density function: 
,     (S7.4) 
where Cp are fitting parameters for the measured stress-strain curve. The polynomial 
form of the energy density function predicts the plateau in the torsional stiffness at high 
stretch ratios, which is responsible for the observed plateau in torsional stroke (Fig. 4B).  
 
8. Converting fibers to fiber cables 
The ability to combine an indefinite number of sheath-core fibers into a cable, 
while retaining giant elastic deformability, is important for diverse applications where 
either low resistance or high capacitance is required. This section discusses this aspect, as 
well as the trade-off between fiber elastic deformability and fiber conductance. If the 
dimensions of all fiber components are identically upscaled, without otherwise changing 
fiber structure, the range of elastic fiber deformability and the corresponding Q factor are 
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unaffected. However, such upscaling of fiber diameter by a factor M will decrease length-
normalized fiber resistance by the same factor.  
Since the thicknesses of NTS sheaths are presently negligible relative to the 
diameter of the rubber core, fiber conductance can be dramatically increased by 
increasing the number of NTS layers m in the sheath. However, this strategy decreases 
the elastic deformation range for the fiber with increase in m (Fig. 2B, inset). A 1.5 mm 
diameter NTS200@fiber exhibits a resistance per length of 31.4 Ω/cm for the maximum 
stretched state, and provides a strain range of 670%. Measurements on a NTS600@fiber 
provide a resistance per length of ~10 Ω/cm for the fully stretched state and a strain range 
of 280%. Note also that fiber resistance can be decreased by increasing m in NTSm@fiber 
without degrading the elastomeric strain range if the modulus of the rubber fiber is 
correspondingly increased. If a lower resistance per length is needed, multiple fibers can 
be plied together without degrading Q.  
Fiber conductivity is generally more important than quality factor, as long as the 
quality factor is not so low as to degrade performance for a particular targeted 
application. However, for applications requiring giant strains of over 1000%, alternative 
technologies based on straight fibers do not exist. While there is a trade-off between 
maximizing quality factor and electrical conductivity, the results of Figure 2C show that 
the quality factor that we obtained, even without using the outer coating of rubber, is 
higher than obtained using previous strategies. Additionally this figure shows that the 
maximum reversible strain is much higher than for competing technologies, and that the 
quality factor exceeds those for competing technologies, whether or not the outer layer 
elastomer is used. These points are important for applications where giant strain 
deformations are required.  
While important described applications, such as the capacitance strain sensor, do 
not necessitate low fiber resistance, it is certainly true that the applications possibilities 
for our conducting fibers would be increased if we could decrease fiber resistance (and 
increase fiber conductance per fiber cross-sectional area). Our fiber conductivities are 
low because a thin sheath of CNT fibers is supported on a large diameter rubber core. In 
Fig. S15, we show that we can reduce the diameter of the rubber core from the originally 
used 2 mm to 150 µm, thereby increasing fiber conductivity by a factor of ~13 (compared 
with values obtained using the same sheath thickness). Previous work (39) has shown that 
the electrical conductivity of few wall carbon nanotube (FWNT) yarns can be increased 
from 2.9×104 to 5×104 S/cm by doping with iodine vapor (compared with the nanotube 
direction conductivity of about 700 S/cm for densified MWNT sheet or MWNT fibers). 
By deploying available FWNT forests for wrapping the SEBS core, and subsequently 
doping these FWNT fibers, it should be possible to decrease fiber resistance by a factor 
of about 70. 
The giant reversible extendibility and flexibility of sheath-core fibers and cables 
suggest the possibility of various applications, such as cables for morphing structures, 
robotic arms, or exoskeletons. Medical applications are suggested, since the SEBS rubber 
appears to be biocompatible (40), and various other rubbers are presently used for 
medical implants (41, 42). Pacemaker leads may provide a special opportunity because of 
reported failure due to bending and stretching (43) to accommodate body movement. 
This cable typically needs 4 to 6 conducting paths for cardiac stimulation and sensing, 
which can be provided by bundling together multiple stretchable conductors. The 
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resistance per length of currently available pacemaker leads ranges from 0.66 Ω/cm to 
3.33 Ω/cm, and the diameter of commercial leads is as large as 3 mm.  
The two common modes of failure for commercial leads might be avoided by 
using cables of the present CNT/rubber elastomeric conductors. The first involves the 
electrical conductors being broken inside the insulation because of excessive or repetitive 
bending. In contrast, the CNT/rubber elastomeric conductors are sufficiently flexible to 
be tied into tight knot without noticeable change of electrical conductance. A 
rubber@NTS116@fiber can be knotted and the resistance change is less than 3% when 
stretched up to 600% strain with the knot (Fig. S3C).  Additionally, the resistance of a 
1.7-mm-diameter rubber@NTS92@fiber changed less than 2.8% when it was cyclically 
bent to 2 mm radius for 200,000 cycles. 
Strain gauges that provide a linear response over a large stroke range provide an 
important likely application for our NTSn@rubber@NTSm@fiber sensors, which provide 
a demonstrated 860% change in capacitance over a 950% strain range (corresponding to 
0.91% change in capacitance per percent change in length). Using a 2-cm-length 
NTSn@rubber@NTSm@fiber capacitive strain sensor providing this performance, up to a 
19 cm displacement can be linearly sensed. Linear performance for such large 
displacements is presently not realizable using a previously described material-based 
sensor. For the investigated capacitive sensor, the total resistance of the two electrodes is 
~36 kΩ and essentially independent of strain, and the capacitance varies between 5 pF at 
0% strain to 48 pF at 950% strain. These parameters for a RC circuit provide time 
constants of ~0.18 µs to ~1.8 µs in going from 0% strain to 950% strain, corresponding to 
frequencies between ~0.6 and ~6 MHz. Consequently, the resistance of our capacitive 
sensors does not significantly limit response times of the investigated sensors. We show 
in Fig. 3B that the capacitive sensor can be deformed at 8%/s without generating 
significant hysteresis between capacitance on loading and unloading the sheath-core 
sensor. 
Other interesting application possibilities exist for our NTSm@fiber and 
rubber@NTSm@fiber conducting fibers, such as in elastomeric electronic circuits that are 
fabricated in a non-stretched state and then highly stretched for deployment, such as 
electronic interconnects for sensors on the surfaces of air vehicles. As already mentioned 
in the text, these giant stroke sensors could be applied for stroke monitoring for 
pneumatically or hydraulically driven giant-reach robot arms, as well as for other 
applications in positioning. While giant-strokes are not required for pacemaker leads, 
lead-failure is a major problem for pacemaker manufacturers. The mechanical robustness 
of the CNT/SEBS conductors (which results from the 2D hierarchical buckling), 
including their ability to withstand giant torques and flexing makes this technology 
promising for such applications as pacemaker leads. 
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Supplementary Figures 
 
 
Fig. S1.  
(A) Schematic diagram of the fabrication of a NTSm@fiber. Two motors synchronously 
rotated the stretched rubber fiber core, while a NTS stack was translated so as to wrap the 
nanotube sheets around the rubber fiber core. The MWNT orientation within the NTS 
stack was kept parallel to the axial direction of the rubber fiber. (B) SEM image of a 
NTSm@fiber during fabrication. 
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Fig. S2. 
(A, B) Photographs, taken at 0% strain, showing a knotted rubber@NTS56@fiber at 
different magnifications. (C) Photograph showing a knotted rubber@NTS90@fiber under 
730% tensile strain. (D, E) Photographs, taken at the same magnification, showing the 
bending of a NTS-SEBS laminate following strain release, after attaching a nanotube 
sheet stack to a uniaxially stretched rubber sheet. A 6.4 mm wide and 2.2 mm thick 
rubber sheet (dyed with a red pigment) was laminated with a NTS stack (with the CNT 
fiber direction in the stretch direction) while the rubber sheet was stretched to 1100% 
strain. The number of NTS layers for (D) and (E) are 30 and 207, respectively.   
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Fig. S3.  
The resistance (A) and instantaneous-length-normalized resistance (B) as a function of 
strain for NTSm@fibers, where m is from 1 to 200. (C) The dependence of percent 
resistance change of a rubber@NTS116@fiber on strain, before and after knotting. (D) 
The dependence of fiber resistance (per maximum stretched length) on tensile strain for a 
single rubber@NTS90@fiber and for a seven-ply rubber@NTS90@fiber. The inset is a 
photograph of the seven-ply rubber@NTS90@fiber. Each ply is 0.9 mm in diameter. 
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Fig. S4.  
(A) The dependence of the Poisson’s ratio of a SEBS fiber on applied strain. The 
Poisson’s ratio was ~0.5 from 0% to 1300% strain, indicating that fiber volume is 
conserved as the SEBS fiber is stretched over this large strain range. (B) The effect of 
NTS wrapping angle (called the bias angle, which is the angle between the CNT 
orientation direction and the axial direction of the rubber core) on the maximum realized 
strain range for NTS80@fibers. The rubber core was stretched 1400% during wrapping of 
the rubber sheath, so 1400% was the fabrication strain. 
 
 
 
Fig. S5.  
(A) Specific stress-strain curves for non-densified and densified NTS stacks. (B) 
Engineering stress-strain data (circles) and polynomial model fit (curve) for a fiber of the 
SEBS rubber used for actuation. The inset provides a plot of the experimental 
engineering data in the low-strain region (filled squares) as true-stress versus true-strain, 
and a linear fit to this data. 
16 
 
 
 
 
Fig. S6.  
(A) The percent resistance change over 2000 strain cycles for a rubber@NTS15@fiber 
(after initial training cycles), where R0 is the resistance of a non-elongated, non-twisted 
fiber. (B) ∆R/R0 as a function of inserted twist for a 1.7-mm-diameter 
rubber@NTS50@fiber that was twisted under 37.1 kPa tensile load. The inset provides 
pictures of the transformation of a straight ink-drawn line into a helix as a result of 
inserting 667 turns/m into a 2-mm-diameter rubber fiber. (C) The percent resistance 
change as a function of mandrel diameter for a 1.5-mm-diameter rubber@NTS200@fiber 
that has been coiled around a rigid mandrel. (D) The percent change in unstretched 
resistance (R0) as a function of tensile strain for first, 100th, and 500th cycle to 1000% 
strain for a rubber@NTS19@fiber that was coiled by twist insertion without using a 
mandrel. The open symbols are for increasing strain and the solid symbols are for 
subsequent strain decrease. (E) The percent resistance change of a 1.7-mm-diameter 
rubber@NTS92@fiber during cyclic bending to a 2 mm radius. The fabrication strain for 
the sheath-core fibers in (A) to (E) was 1400%, and all tensile deformations were applied 
at 8%/s engineering strain rate. 
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Fig. S7.  
SEM image showing the NTS180@fiber’s cross-section along the fiber axis, taken at 0% 
strain (the fabrication strain was 900%). The image indicates that along the axial 
direction, the short-period axial buckles partially delaminate from the rubber fiber, while 
the long-period axial buckles remain in contact with the rubber. 
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Fig. S8.  
SEM image of a NTS1@fiber at 0% strain, when using a fabrication strain of 1400%. The 
MWNTs form a chaotic, in-plane buckled structure in which the MWNTs remain in close 
contact with the elastomer surface.  
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Fig. S9.  
SEM images showing the surface of a NTSm@fiber with (A) 1 layer, (B) 2 layers, (C) 5 
layers, (D) 10 layers, and (E) 100 layers of NTSs. The horizontal direction is the axial 
direction of the fiber. The fabrication strain was 1200%, and the images were taken at 0% 
strain. As the number of layers increases, the buckled structure forms and the period of 
short-period buckling increases. The short-period and long-period axial buckles are 
marked by white arrows in (E), where these axial buckles are most clearly seen.  
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Fig. S10.  
Model for the dependence of resistance on tensile strain for a NTSm@fiber. Illustration of 
the longitudinal cross-section of a single axial buckle period, showing the geometrical 
parameters of the square-wave model, indicating the buckled NTS layer (blue) and the 
contact region between axial buckles (yellow). The arrows indicate the direction of 
current flow and electric field. 
 
 
 
 
Fig. S11.  
The dependence of torsional stiffness at zero twist (circles) on stretch ratio (λ) for a 
SEBS fiber. The dashed and solid curves are fits for neo-Hookean and polynomial 
models, respectively.  
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Fig. S12.  
SEM micrographs showing the evolution of the buckled sheath structure of a 
NTS92@fiber during stretch from 0 to 1000% strain in the axial direction, which is 
vertical in the micrographs. At 0% strain both long-period and short-period axial buckles 
coexist (and are most clearly seen at 200% strain, where the short-period buckles have 
been pulled apart). During stretch, the long-period axial buckles first disappear (at ∼400% 
strain) and then the short-period axial buckles disappear (at ∼1000% strain). Long-period 
belt-direction buckling first appears between 200 and 400% strain. The fabrication strain 
applied to the rubber core during CNT sheath application was 1200%. The sinusoidal 
curves in white are provided to enable comparison between the long-buckle periods seen 
in the SEM images and those calculated from the instantaneous fiber length, considering 
that the number of buckle wavelengths in the fiber is independent of stretch.  
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Fig. S13.  
SEM images showing NTS100@fibers prepared using different fabrication strains, 
indicated by the panel labels. The fiber axial direction is horizontal. For these 
micrographs at 0% strain for trained fibers, belt direction buckles do not appear. At low 
fabrication strain (200%), only short-period axial buckles were formed. For a fabrication 
strain of 400%, the short-period axial buckles start contacting in the pictured strain-
released state. For further increase of fabrication strain to 600%, long-period axial 
buckles are additionally observed. Finally, both short- and long-period axial buckles 
become more pronounced for fabrication strains of 800% to 1400%.  
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Fig. S14.  
The time dependence of rotation angle (squares) and tensile stroke (circles) for an 
isobarically operated NTS10@rubber@NTS20@fiber muscle, following application of a 
high-voltage single square-wave pulse. Both tensile and torsional strokes simultaneously 
reach maximum values, and then simultaneously decay. This coincidence between 
maximum values of torsional and tensile stroke is consistent with tensile actuation 
driving torsional actuation. This single-ply muscle contained an inserted twist of 1.47 
turns/cm. 
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Fig. S15.  
(A) SEM image of a 150-µm-diameter NTS8@fiber at 300% strain. Percent electrical 
resistance change versus strain for (B) a NTS8@fiber and (C) a rubber@NTS8@fiber for 
increasing strain (close circles) and decreasing strain (open circles). (D) Electrical 
conductivity of a 2-mm-diameter NTS8@fiber and a 150-µm-diameter NTS8@fiber 
versus strain. The fabrication strain was 1400%. 
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Supplementary Movies 
Movie S1.  
Real time movie showing electrically-driven torsional actuation of a two-ply, sheath-core 
muscle operated isometrically using a 5 kV, 1.8 Hz square-wave voltage. Each ply of the 
torsional muscle is a 1.2-mm-diameter NTS10@rubber@NTS20@fiber and plying was by 
inserting 1.38 turns/cm of twist. A dog-bone-shaped paddle, comprising a 0.1-mm-thick, 
0.5-cm-wide and 1-cm-long polyvinyl chloride sheet coated with transparent yellow tape, 
separates a 7.7-cm-long, 0.8-mm-diameter rubber torsional return spring from the 6.5-
cm-long, two-ply muscle, which are both tethered at one end to prevent both end rotation 
and translation. The flashing red light results from reflection of the light from a laser 
pointer by the rotating paddle, which was used to visualize the rotation of the muscle. 
Frames from a movie taken using a  high speed video camera were used to measure the 
maximum rotation speed (900 rpm) and the maximum torsional stroke (69° per cm of 
muscle length). 
Movie S2.  
Real-time movie used for evaluating a 2-mm-diameter rubber@NTS100@fiber as a 
pacemaker lead. The oscilloscope recording shows that the pacemaker pulses are 
unaffected by fiber twisting, stretching, and bending. The maximum photographed fiber 
twist, percent elongation, and bending radius were 5.6 turns/cm, 660%, and 0.64 cm. 
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Bi-Layer Hierarchically Buckled Carbon Nanotube Rubber 
Sheath-Core Strain Sensor 
Yin Qu, Francisco Alírio Moura, Liu Zhunfeng, Douglas Soares Galvão 
Abstract:  
Wearable devices made from stretchable electronic materials could be 
incorporated into clothing or attached directly to the body. Here, we report a new type 
of resistive strain sensor fabricated from bi-layer buckled carbon nanotube sheet (NTS) 
based elastic fiber. The strain sensor works based on two layers of buckled structures 
– a buckled NTS layer on top of a buckled thin rubber layer wrapping on a rubber 
fiber core (NTSm@ruber@fiber). This strain sensor works based on the resistance 
increase derived from decreased buckle contact during fiber stretching. The strain 
sensor shows large strain range up to 600% (two linear range: 0%-200% and 
250%-600%), fast response time of 70 ms, low creep, and high durability The 
NTSm@rubber@fiber strain sensor was assembled on stocking and gloves to detect 
different types of human motion, showing possibility for user-friendly motion 
detection, and remote control of robotic systems.  
  
 
2  
Introduction 
The development of flexible, stretchable, and smart structures and textiles 
demands multifunctional materials and components that enable various advanced 
applications such as smart clothing,  structural health monitoring (SHM), human 
motion detection, energy harvesting and storage, and actuation.(1) Carbon nanotube 
aerogel sheets (NTS) that are drawn from forests of carbon multiwalled nanotubes 
(MWNTs) have been demonstrated to be one of the most promising smart nanosclae 
materials because of their remarkable structural, mechanical, electrical, and thermal 
properties. So far, the demonstrated applications using MWNT sheets and yarns 
include transparent conducting films, high strength nanotube yarns, hierarchically 
buckled elastic conducting sheath-core fibers, thermal acoustic sound generators, 
large stroke tensile and torsional actuators, elastic supercapacitor, and biscrolled 
multifunctional yarns. In addition, the unique structural and electrical characteristics 
of NTS also make them a promising smart sensor material. In particular, a long fiber 
sensor using NTS could measure large strain and form a SHM grid over a large area 
for mechanical and civil engineering applications, and various medical applications. 
Among the various types of sensors, strain sensor is one of the most important smart 
sensors, which have been widely used in the measurements of strain, acceleration and 
tension, and used for structural health monitoring. There are generally two types of 
strain sensors, the capacitive and resistive sensors. The capacitive strain sensor is a 
sanwidzed structure composing two conductive layers separated by a thin dielectric 
elastormer. During stretching the distance between the two electrodes decreases and 
the surface area increases, resulting in the increase of the capacitance.(3) The 
capacitive strain sensor shows characteristics of good linearity, fast response, and 
good repeatability during the whole strain range. Great developments have been 
achieved for high performance strain sensors using different approaches based on 
different mechanisms. Bao et al. have reported transparent, single-walled carbon 
nanotube film with high conductivity of 2200 S cm-1 that can be rendered stretchable 
by applying strain. A capacitive strain sensor was fabricated using such high 
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conductive electrodes, which can accommodate strains of up to 150%. Xie et al. also 
prepared a transparent conductive CNT film, which keeps stable conductivity under 
stretching. They fabricated a capacitive strain sensor that can measure strains as large 
as 300%.(2) Recently, we reported super elastic conducting fibers using  
hierarchically buckled carbon nanotube sheath-core structure, which can be reversibly 
stretched to over 10 times their initial length while maintaining resistance change as 
small as 5%.(3) Using the sheath-core fibers containing two carbon nanotube sheath 
layers, we have demonstrated capacitive strain sensors that provide a giant linear 
response over a large strain range of 950%.(3) However, when miniaturizing the 
strain sensor to meet the requirement of sensitivity for small device systems. The 
capacitive strain sensor needs very strict fabrication procedure and hard to control, as 
any single defect in the separating dielectric layer would cause short of the two 
electrodes. On the contrary, the resistive strain sensors are always easily fabricated 
and controlled, because this type of sensor only contains a single variable resistor.  
Commercial metal strain sensor can only have as large as 5% of strain because 
of the limited shape change of the metal alloy.(4-7) This type of strain gage is a thin 
piece of conducting metal foil in a zig-zag pattern of parallel lines. If a metal piece is 
subjected to a tensile stress, it will become narrower and longer, and thus will increase 
the electrical resistance. From the measured electrical resistance of the strain gauge, 
the amount of induced strain may be inferred. The stress of metal foil has to be 
limited within its elastic limit, beyond which the body fails to regain its elasticity. 
Embedding microchannels of conductive liquid in a hyper elastic elastomer tube can 
help keeping electronic connectivity and a strain sensor can be fabricated, while this 
strain sensor suffers from the drawbacks of liquid metal such as toxicity, easy to be 
disconnected, and risk of leaking.(8-16) The conductive composites are always used 
for resistive strain sensors, such as graphene/cellulose composite (21), CNT/glass 
composite (22), metal nanowire composite (17), coiled conducting polymer fiber (21), 
and et al. During stretching, the electrical inter-connections between the conducting 
particles in the composite get decreased or separated, resulting in resistance increase. 
4  
The performance and diversity of the resistive strain sensors are limited by the 
drawbacks including limited strain range, large hysteresis, irregularity of linear 
relationship, and the insensitivity.(17-19)  
Recently, a great deal of interest has been attracted to use new structures and 
design new materials to improve the resistive strain sensors. By coating sliced carbon 
nanotube forests on rubber surface, Hata et al. fabricated a novel strain sensor that can 
measure and withstand strain up to 280%, with high durability, fast response and low 
creep. This nanotube/rubber film sensor utilized the created gaps and islands between 
CNT mats to generate resistance change for strain sensing. The number of gaps, 
islands and the gap widths increased as strain increases, resulting in increase in 
resistivity.(20) Zhang et al. fabricated a buckled graphene thin film strain sensor on 
rubber, which can accommodate strains of up to 30%. The interconnections between 
nanographene domains in the conducting graphene layer become more compact and 
overlapped upon buckling, leading to decreased sheet resistance during the buckling 
formation.  
In our previous studies, we realized small resistance change for elastic 
conducting fibers by minimizing the contacts between adjacent buckles when the 
stretched fiber is released very close to its relaxed state.(3) Such contact provides a 
new pathway for electrical transport, which augments pathways along the local 
nanotube alignment direction. As the axial buckles come into increasing contact as 
strain decreases, the contact area between adjacent buckles increases that the fiber 
resistance decreases as a function of strain. Since large resistance change is desired 
for strain sensor application, our goal is to maximize the contact area between 
adjacent buckles as strain decreases. Here, we demonstrated a new type of elastic 
bi-layer buckled NTS/rubber sheath-core fiber sensor, which can be reversibly 
stretched to 600% while resistance change as large as 160%. This strain sensor 
showed fast response time, high resolution, excellent stability, and almost no 
hysteresis. A large-stroke sensing system for human motion detection was 
successfully developed using this sheath-core fiber strain sensor.  
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Results and discussion 
To increase the contact area between adjacent buckles, a bi-layer structure of 
NTS layers and rubber sheath was employed. Fig. 1 schematically illustrates the key 
steps for fabricating the NTSm@rubber@fiber sheath-core strain sensor. An elastic 
rubber fiber (length, 40 mm; diameter, 2 mm) was first stretched to 900% strain. A 
thin layer of rubber was spray-coated onto the fiber core while the rubber fiber core 
was fully stretched, and then NTS layers were applied onto the coated rubber (Fig. 
1A). After releasing the fabrication strain (i.e., the strain applied during wrapping 
CNT sheaths), the sheath-core buckled fiber was formed, and the basic configuration 
was deployed as NTSm@rubber@fiber, which denotes that m NTS layers were 
deposited on a rubber-coated fiber core. The rubber core and the coated rubber layer 
(typically 6m) were a styrene-(ethylene-butylene)-styrene (SEBS) copolymer 
containing a plasticizer (ExxonMobil, Marcol 82) and the diameter of the non-strained 
rubber fiber was typically 2 mm. The conducting NTS sheaths are derived from 
highly-oriented carbon multiwall nanotube aerogel sheets, which are drawn from 
CNT forests.(26) Importantly, the rubber coating (solution of SEBS in cyclohexane 
(C6H12) 5 wt%) between the rubber core and the NTS sheath was applied in the fully 
stretched state and the carbon nanotube orientation was paralleled to the rubber fiber 
direction. This configuration is different from our previously reported hierarchically 
buckled NTS sheath-core conducting fibers, where the rubber coatings were applied 
on the outside of NTS sheath to prevent contacts between adjacent buckles while 
strain was released.  
Structure and properties characterizations are for NTS@rubber@fiber sensors 
that have been preconditioned by applying two hundred cycles of stretch-release to 
the maximum strain that does not plastically stretch the NTS sheath in the sheet 
alignment direction. Exceeding this fabrication strain, which is measured with respect 
to a non-elastically deformed rubber core, would cause irreversible plastic draw of the 
NTS sheath in the nanotube alignment direction. Since the fabrication strain is the 
strain that is applied to the rubber core before application of the NTS sheath, this 
6  
strain is an engineering strain measured with respect to the length of the 
non-deformed rubber core. On the other hand, after rubber coating and application of 
the NTS sheath, the length of the non-stretched sheath-core fiber is elongated with 
respect to the length of the non-deformed rubber core. Hence, when referring to 
applied strains for the sheath-core fiber, the engineering strain is with respect to the 
relaxed length of the sheath-core fiber, which is longer than that of the non-deformed 
rubber core. 
 Fig. 1, C and D show the low and high resolution confocal optical microscopy 
(COM) images of a NTS50@rubber@fiber being stretched at 370% strain. We 
observed two order of hierarchical buckling in fiber axial direction. It can be seen that 
the short period buckles are located on the large buckles. Interestingly, we observed 
very obvious periodic hierarchical buckling (short and long buckling periods) for 
NTS2@rubber@fibers (Fig. S1). This is different from our previously investigated 
NTSm@rubber sheath-core fibers,(3) for which only small period buckles are 
observed when m < 10 even at a very large fabrication strain (1200%). The 
hierarchical buckles are only observed for a large m and large fabrication strain (e.g. 
m = 100 and fab = 1400%) for NTSm@rubber. We then characterized the surface 
morphology of a rubber@fiber, which is prepared by spraying a thin layer of rubber 
on the surface of a stretched rubber fiber. Large period buckles were clearly observed 
for the rubber@fiber at a strain of 125% (Fig. S3). Therefore, the large period buckles 
from NTSm@rubber@fibers are due to the SEBS rubber interlayer, and the short 
period buckles are derived from the NTS sheath.  
When the thin layer of rubber was at strain free state, the rubber fiber core is 
under tensile strain. When this strain is released, the rubber core attempts to contract 
back to its strain-free configuration. The rubber skin layer and the rubber fiber core 
are made of the same type of materials and sharing the same mechanical properties. 
However, the mismatch between the equilibrium strains of the rubber skin and the 
rubber core prevents this from happening uniformly through the depth of the material. 
The competition between the bending-dominated deformations of the rubber skin and 
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the stretching/shearing-dominated deformations of the rubber substrate cause the skin 
to wrinkle in response to the relaxation of the applied strain. This results in the 
formation of the big buckles in the thin rubber layer.  
When a NTS sheath and a rubber interlayer are coated on the stretched rubber 
fiber core, both of them are at a free-strain state. During the stretch-release, both the 
NTS sheath and the thin rubber layer tend to bend and form wrinkles because the end 
to end length is decreased. In this process, the mismatch of the mechanical properties 
between the NTS sheath and the rubber interlayer causes the NTS sheath to form 
buckles on top of the rubber thin layer. Therefore, we observed this hierarchical 
buckling of NTSm@rubber@fiber during the whole strain range (Fig. S2). This is 
different from the case of NTSm@fiber in our previous studies, in which the large 
period buckles only appear at low strain range and not observed at large strain range. 
(3) 
High resolution SEM images in Fig. S1 show that buckles along the fiber keep 
contact when the fiber was stretched to 300% strain. During the fiber was stretched, 
we also observed buckling formation in the belt direction. There is no buckling in belt 
direction at 0% strain, and very small buckling appears in belt direction at 25% strain, 
which becomes more pronounced at 300% strain. This is because of the volume 
incompressible properties of rubber (Poison’s ratio of 0.5). 
To realize such conservation of rubber volume, a K-fold increase in length 
must result in a K1/2-fold decrease in rubber fiber diameter (and circumference). 
Therefore, the buckling in the fiber direction was pulled apart during stretch, and 
simultaneously, in the belt direction buckles are formation as the fiber diameter 
decreases. 
Representative percent resistance change (R/R0) vs strain (L/L0) of 
NTSm@rubber@fiber showed a monotonic increase up to 600% strain (Fig. 2A), 
where R0 and L0 are the resistance and length at 0% strain, respectively. During 
stretch, the contacts between the buckles on the NTS sheath get gradually separated 
causing a resistance increase (Fig.S1). The percent resistance changes of 
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NTSm@rubber@fiber is inversely proportional to the number of NTS layers, which 
are 160%, 100%, and 40%, for m = 2, 10, and 50, respectively. The small percent 
resistance change for large number of NTS layers is due to the decreased area in 
buckles contact at relaxed strain.(23)  
The exact dependence of R/R0 on strain follows the same theoretical background 
in Liu et al.(3). Following that theoretical derivation, the resistance Rdef of the fiber at 
a stretch of λ = L/Lmax, where L is deformed length and Lmax is the fabrication length 
is given by the equation: 1/Rdef = 1/Rmax + A(λ-1)/λ, where Rmax is resistance at 
fabricated length, and A is a fitting constant of the model, dependent on the electrical 
conductivity of the buckle contacts in the direction perpendicular to the axis. This 
expression was fitted to experimental data as shown in Fig. 2A. The approximated 
linear slope of this curves reflects the gauge factor (R/R0)/(L/L0), which represents 
the sensitivity of NTSm@rubber@fiber to strain. NTS2@rubber@fiber shows gauge 
factors of 0.5 (0 to 200% strain) and 0.12 (250% to 600% strain). In comparison, 
conventional metal gauges have a factor of 2.0 (5% maximum strain),(24) thermal 
plastic elastomer composites with 50 wt% carbon black shows a factor of 20 (80% 
maximum strain),(1) and sliced SWCNT film on rubber have two factors of 0.82 (0 to 
40% strain) and 0.06 (60 to 200%).(20) Our NTS2@rubber@fiber strain sensor shows 
a reasonable gauge factor, as well as a much larger linear strain range (200%).  
 The strain up to 200% shows good linear relationship of percent resistance 
change with strain (Fig. 2B), which is a potential gauge to measure strains much 
higher than conventional metal strain sensors (5%), carbon black composite (80%) , 
and sliced SWNT film on rubber (40%).(20) In order to get a repeated 
loading–unloading cycling profile, the NTSm@rubber@fibers have been trained by 
applying about two hundred stretch-release cycles in order to allow the 
two-dimensionally buckled structure slightly evolves to a stable structure. 
The observed resistance profiles as a function of strain in different cycles overlap 
well for one thousands tested cycles (Fig. 2B), indicating excellent repeatability and 
durability of the NTSm@rubber@fiber strain sensor. The loading profiles also overlap 
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well with the unloading profiles for the tested cycles, even at high strain levels of 
600% strain at a strain speed of 40% strain per second (Fig. 2C), indicating good 
repeatability and low hysteresis of the fiber strain sensor during giant stretch.  
Additional important advantages of the NTSm@ruber@fiber strain sensor include 
its low creep and fast response. The NTS2@ruber@fiber sensor was cycled between 
0% and 173% strain at a speed of 80% strain per second, (Fig. 2 D, E, black line). Fig. 
2F shows that the NTS2@rubber@fiber strain sensor has a low overshoot of 5% and 
recovery time of 3 s. This is markedly different from the polymer composite strain 
sensor with different conductive fillers, which shows a 8.8% overshoot and more than 
100 s recovery time, even with a 6.5 times lower speed of XXX strain per second.(1) 
The recovery time of NTSm@rubber@fiber (3 s) is much shorter than the SWNT film 
strain sensor (5 s).(20)  
Fast response is an important feature of the strain sensor. To evaluate the response 
time, we recorded the tensile strain and resistance changes during stretch using a 
high-speed camera. NTSm@rubber@fiber was elongated from 0% to 173% strain at a 
speed of 80% strain per second using a sinusoidal wave form (Fig. 2D). The onset of 
the strain and the corresponding resistance change was shown in Fig. 2E, and the 
electrical delay to the strain was evaluated to be 70 ms, indicating fast response time 
for our fiber strain sensor.  
Our NTS2@rubber@fiber strain sensor also shows high sensitivity to twist 
insertion. The percent resistance change linearly increases to 22% with increasing the 
twist density of 2.5 turns/cm (Fig.3A), indicating that the NTS2@rubber@fiber is a 
good twist sensor. Our NTSm@rubber@fiber is also sensitive to temperature. The 
percent resistance change linearly decreases by 32% with temperature increases from 
25 oC to 75 oC, with two linear ranges. Such an effect is derived from the rubber 
volume expansion or shrinkage caused by variation in temperature, which makes the 
NTSm@rubber@fiber a sensitive resistive temperature monitor.  
The NTSm@rubber@fiber strain sensor is characterized by large and small period 
buckling structures, where the large period buckle is derived from the rubber coating 
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and the short period buckle is derived from the carbon nanotube sheath layer. The thin 
rubber layer is coated on the stretched rubber sheath and forms buckles after the 
stretch release of the rubber fiber core. Therefore, this rubber layer is always under 
compression during the whole available strain range. The contact of the nanotube 
sheath is particularly driven by elastic rubber compression, which provides very fast 
response and good repeatability. The NTS sheath is coated on the surface of the thin 
rubber layer forms buckles during release of the stretched rubber fiber core. 
Compared to the composite based strain sensor, such a configuration provides a 
minimal interfacial area between the nanotubes and the rubber interlayer, thereby 
minimizing the friction that causes delay, creep, and durability. As the thin rubber 
inter-layer plays a key role in driving the sensing process, the properties of our strain 
sensor could be further improved by optimizing the properties of the rubber interlayer, 
such as thickness, hardness, visco-elastic properties, and etc. The excellent properties 
of large strain range, fast response, and low creep of our NTSm@rubber@fiber make 
it a good strain sensor for rapid and large-scale human motion detection.  
If we insert twist in the NTSm@rubber@fiber we provide a way to increase linear 
distance of electric current without necessarily stretching the sensor. When the sensor 
is twisted, the nanotubes have to run in a helical path around the fiber effectively 
increasing the linear length the current has to travel along the nanotubes axis causing 
a resistance increase as seen in Fig. 3A. Also, if the temperature of the rubber is 
increased, there is a entropically-driven shortening of the rubber accompanied by the 
expected drop in resistance seen in Fig. 3B. 
 To demonstrate the potential of our NTSm@rubber@fiber strain sensor in 
wearable devices, we fabricated stretchable human motion detectors by connecting 
copper wires directly to the both ends of the NTSm@rubber@fiber strain sensor. After 
sealing the fiber sensor by spray coating of a thin rubber layer, we attach them 
directly to the clothing and human body. We connected the rigid copper wire to both 
ends of NTSm@rubber@fiber strain sensor when the fiber were fully stretched, and 
then water-based silver paste was applied on the junctions of copper wire and the 
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conductive fiber to eliminate the contact resistance. During the stretch/release of the 
NTSm@rubber@fiber, the copper wire keeps good contact with the nanotube sheath, 
and no mechanical failure at the junctions occurs during fiber stretching. After rubber 
coating, the whole device was attached onto the clothing, gloves, and body.  
Walking is one of the most important daily activities for people to get from one 
place to another. Human walking motion detection shows various information 
including involuntary behaviors such as walking patterns like bending, marching, 
squatting, jumping, and combinations of these. Information about conscious motion 
detection also plays a key role to establish interface with ubiquitous network systems. 
Human walking motion can be analyzed with the motion capturing systems, and be 
traced by video image analysis. However, these systems require spatial hardware such 
as sensors and cameras, and special environments for the measurement, which is not 
suitable for everyday life. Our NTSm@rubber@fiber can be made to a wearable 
resistance sensor towards the detection of human walking motion, which can be used 
in everyday life. Here we discuss the feasibility of the proposed approach for waking 
motion detection.  
The skin on joints will be stretched by as much as 55% percent during walking, 
which largely exceeds the limit (5%) for conventional metal strain sensors.(20) To 
detect large strain human walking motion, we attached a NTS2@rubber@fiber strain 
sensor on a commercial stocking over the knee joint. Such a sensor could easily detect, 
and also discriminate, various human motions related to the extension and flexion of 
the knee, including bending, marching, squatting and jumping, and combinations of 
these (Fig. 4 A, B; Supplementary Movie S1). For example, a matting motion could 
be clearly determined from repeated action of an upward slop for initial knee flexing 
followed by a downward slope for quick knee extension. A long-time squatting 
motion could be clearly determined from a sharp upward slope for extending, keeping 
a stable plateau for a while, and another sharp downward slope for flexing. One 
advantage of using such wearable devices is that the motion detection does not 
restricted by the spatial hardware such as video camera, and therefore more 
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user-friendly and convenience.  
A data glove takes advantage of gesture recognition of hand motion, which 
enables humans to interface with devices. We attached a NTSm@rubber@fiber to the 
backbone of one finger of a glove. Bending of the finger stretched the 
NTSm@rubber@fiber and results in the increase in percent resistance change, (Fig. 4 
C, D, and Movie S2). All the three investigated NTSm@rubber@fiber strain sensors 
for m =2, 10, and 50 work well, and the NTS2@rubber@fiber shows highest 
sensitivity of percent resistance change during bending. Several NTS2@rubber@fiber 
strain sensors could be assembled on different fingers on a single glove to detect the 
motion of each finger, as the signal of every sensor could be measured independently, 
and therefore works individually. Compared to the conventionally used complicated 
optical fiber sensor or small-strain metal sensors used in the data glove systems, our 
NTSm@rubber@fiber sensor shows simple structure, light weight, large strain range, 
and fast response. Such a device could be used as a master-hand for remote control of 
slave robot systems for telesurgery or control of mobile robotics. 
Conclusions 
We designed and fabricated a novel stretchable carbon nanotube sheath-core 
strain sensor that could detect strains from 0% to 600% with high durability and fast 
response. The strain sensor works based on a bi-layer hierarchically buckled structure, 
which relies on the resistance increase derived from decreased buckle contact during 
fiber stretching. Wearable devices including walking motion detection and gesture 
recognition of data glove were demonstrated using our sheath-core fibers, which show 
possibility for user-friendly motion detection, and remote control of robotic systems. 
We believe our sheath-core fiber strain sensor could eventually find a wide range of 
applications in robotics, recreation and so on.  
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Fig.s and Captions 
 
 
 
Fig. 1. (A) Steps in the fabrication of a NTSm@rubber@fiber. (B) The light yellow 
color and the dark yellow color represents the SEBS rubber core and the sprayed 
SEBS thin layer, respectively; the gray shells are NTSs. (C, D) Low and high 
resolution confocal optical micrographs showing the short and large period buckles of 
NTS@rubber@fiber at 370% strain in the axial direction, which is horizental in the 
micrographs. The fabrication strain was 1200%. The fiber direction, which is the 
direction of the applied strain, is vertical and the belt direction is horizental. 
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Fig. 2. NTSm@rubber@fiber strain sensor. (A) Relative change in resistance versus 
strain for the NTSm@rubber@fibers having different number of NTS layers (m = 2, 
10, and 50). (B) Relative change in resistance versus strain for multiple-cycle tests of 
NTS2@rubber@fiber from 0% to 200% strain range. (C) Relative change in 
resistance versus strain for multiple-cycle tests of NTS2@rubber@fiber at 0% to 
600% strain for both stretch and release. (D) Relative change in resistance (black) 
during frequency sinusoidal cycling between 0 and 177% strain (blue). (E) Close-up 
of the final cycle of (D). (F) Relative change in resistance (blue) in response to a 
0–177% step function of mechanical strain.  
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Fig. 3. (A) Percent resistance change as a function of inserted twist for a 
2-mm-diameter NTS2@rubber@fiber that was twisted under 64 kPa tensile load. (B) 
Percent resistance change as a function of temperature for a 2-mm-diameter 
NTS2@rubber@fiber. The fabrication strain for the NTS2@rubber@fiber in (A) and 
(B) was 900%. 
 
 
Fig. 4. (A) Photographs of a NTS2@rubber@fiber strain sensor attached on the knee 
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for different walking patterns of bending, marching, squatting and jumping, and 
combinations of these. (B) Percent resistance change of the NTS2@rubber@fiber 
strain sensor for different waking patters. (C) Percent resistance change versus time of 
a NTS2@rubber@fiber strain sensor connected to one finger for different finger 
bending angle. (D) Photographs of the NTS2@rubber@fiber strain sensor connected 
to one finger for different finger bending angle.  
 
4. Experimental section: 
 
4.1 Fabrication of NTSm@rubber@fiber 
Rubber fibers made of a styrene-(ethylene-butylene)-styrene (SEBS) block 
copolymer (Kraton, G-1651H) containing plasticizer (ExxonMobil, Marcol 82) in a 
1:5 weight ratio were used as the elastic rubber core of our conducting fibers. The 
carbon nanotube (MWNT) sheets used as conductive phase in this work were drawn 
from multiwalled carbon nanotube (~6 walls, ~9 nm of outer diameter) forests ~350 
m high grown by chemical vapor deposition.(23) 
Fig. 1 shows the process to make NTSm@rubber@fibers: First, the extremes of a 
plasticized SEBS rubber fiber were attached between the shafts of two motors and the 
fiber was subsequently stretched by the lateral displacement of one of the motors. 
Unless otherwise indicated, this original strain (called fabrication strain) was 900%. A 
solution of SEBS in cyclohexane (C6H12) 5 wt%, was then sprayed on the stretched 
fiber to cover the SEBS-fiber-core with a thin layer of rubber, thus achieving a 
rubber@fiber structure. After drying off the SEBS layer, the NTS stack was deposited 
on the surface of rubber@fiber by putting the freestanding NTS in contact with the 
rubber core fiber while it was being rotated on its axis by the both motors holding its 
extremes working synchronously so no net twist was introduced. This resulted in the 
NTS being wrapped onto the rubber@fiber with the nanotube alignment direction 
parallel to the axial direction to the rubber fiber, like a jelly roll. Once the desired 
number of NTS layers m is achieved on the NTSm@rubber@fiber by controlling the 
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number of turns given to the rubber@fiber, they are fixed onto the rubber surface by 
densifying them using ethanol (98% vol). After drying in air, the 
NTSm@rubber@fiber was allowed to reach the non-stretched state by slowly 
removing the applied tension.  
4.2 Characterization 
Electrical resistance of EC fibers was obtained through two-probe resistance 
measurements using a homemade fixture that allows the reversible and controllable 
variation of the applied elastic strain. The microstructure of NTSm@rubber@fibers 
was imaged using a Nova NanoSEM450 field emission scanning electron microscopy 
(SEM). Unless otherwise indicated, all stresses and strains values reported in this 
work are engineering values.  
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Supporting Information for “Bi-Layer Hierarchically Buckled 
Carbon Nanotube Rubber Sheath-Core Strain Sensor 
” 
 
Fig. S1. (A-F) Low and high resolution SEM micrographs showing the evolution of 
the buckled sheath structure of a NTS2@rubber@fiber during stretch from 0%, 25%, 
and to 300% strain in the axial direction, which is vertical in the micrographs. (G) 
Schematic illustration of longitudinal section of a NTSm@rubber@fiber sheath during 
stretch from 0 to 300% strain, showing two-dimensional, hierarchical buckling being 
pulled apart at different strain. The fiber direction is horizontal. The light yellow color 
and the dark yellow color in (G) represents the SEBS rubber core and the sprayed 
SEBS coating layer, respectively, and the gray shells are NTSs. The fabrication strain 
was 900%. The fiber direction, which is the direction of the applied strain, is vertical 
and the belt direction is horizental. 
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Fig. S2. Confocal optical images of NTSm@rubber@fiber at different strain. The 
fabrication strain is 1100%.  
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Fig. S3. Optical images of rubber@fiber at a strain of 125%. The fabrication strain is 
1100%. 
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ANNEX D – Electrothermally Powered
Torsional and Tensile Actu-
ation of Two Dimensionally
Buckled Sheath-Core Nan-
otube/Elastomer Muscles
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ABSTRACT: High-performance fiber muscles are needed for diverse 
applications. We report on the fabrication, characterization, and theoretical 
analysis of electrothermally powered torsional and tensile fiber muscles using 
hierarchically buckled carbon nanotube/rubber sheath-core fibers. The 
two-dimensionally buckled nanotube sheet (NTS) sheath, which is used as the 
heating element, can be reversibly stretched (up to 600%) and twisted, and 
undergoes a below 4% resistance change during actuation. These sheath-core 
muscles provided a maximum reversible tensile contraction of 23.2% and a 
maximum contractile work capacity per muscle weight of 1.05 kJ/kg, which is 22 
times that of natural muscle (0.047 kJ/kg). Through coupling of tensile to 
torsional actuation, highly reversible torsional actuation was demonstrated that 
provided a torsional stroke of 87.6 degree/cm. The length and diameter 
normalized torsional stroke reached 21.9 degree, which is much higher than 
previously reported (4.7 degree) for electrically driven dielectric torsional 
muscles.  
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Artificial muscles capable of imitating natural muscles are highly desired for 
diverse applications in robotics, medicine, and other fields1, 2, 3, 4, 5 due to their high 
flexibility, versatility, and high power-to-weight ratios compared with traditional rigid 
mechanical actuators6. Materials explored for artificial muscle applications include 
dielectric elastomers7, 8, ferroelectric polymers9, liquid crystal elastomers10, thermal11, 
12 and ferroelectric shape memory alloys13, ionic polymer/metal composites14, 15, 
conducting polymers16 and carbon nanotube fibers and polymer fibers2, 17, 18. Different 
relative merits and challenges are associated with the various artificial muscle 
technologies. Electrothermally powered shape memory metal wires can contract fast 
and deliver large strokes under heavy mechanical loads, but are expensive and 
hysteretic, which makes them difficult to deploy2, 19. Thermally-powered shape 
memory polymers suffer from hysteretic performance, which make actuation difficult 
to precisely control20, 21. Polymeric electric-field-driven electrostrictive rubbers and 
relaxor ferroelectrics22, 23, 24 are attractive for actuators because of the large obtainable 
strokes and efficiencies, but it would be difficult to deploy them as muscle-like fibers 
because of the high required electric fields. As such, there is a continuing interest in 
strong electrothermally powered muscle-like actuators derived from common 
engineering materials using convenient fabrication methods. We recently 
demonstrated that strong, non-hysteretic large stroke, high-power torsional and tensile 
artificial muscles, which are thermally driven, can be obtained by inserting twist into 
the strong polymer fibers used for fishing line and sewing thread2 or by infiltrating 
volume-changing guests into twisted carbon nanotube yarns5. The term polymer 
muscles is here reserved for the former muscles made by twist insertion in high 
strength, non-elastomeric fibers. 
Thermally-driven tensile rubber fiber muscles employing entropy-based 
actuation have been long known25, 26, 27. However, no reports were found for rubbers 
on the effect of fiber twist on tensile thermal actuation, the coupling of tensile and 
torsional thermal actuation, or the relationship between torsional mechanocaloric 
cooling and either torsional actuation or the coupling of tensile and torsional actuation. 
A goal of this work is to characterize and understand these effects, and thereby 
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provide the basis for applications. 
Electrothermal heating is a convenient way to realize the thermal actuation of 
rubbers, though it requires a stretchable electrically conducting electrode. Most 
usefully, the electrode should maintain a stable conductance during actuation. Carbon 
or silver powders or nanofibers dispersed in a grease are commonly used as 
elastomeric electrodes for elastic conductors, but change conductance during stretch 
and heating28, 29, 30. While conducting particles and nanofibers in elastomeric polymers 
can also be used as stretchable electrodes, electrical conductivities are typically low 
and depend on both temperature and tensile elongation. Buckled metal or 
semiconducting films have also been used as electrodes, but usually suffer from a 
limited available strain range and the complicated processes needed for fabrication, 
such as combination of multi-step transfer of films, electro-beam deposition, and 
micro-patterning adhesive regions on substrates31, 32.  
We recently demonstrated fabrication of superelastic conducting fibers by 
wrapping multiwall carbon nanotube sheet (NTS) layers around a stretched rubber 
fiber, so that the nanotube direction is parallel to the rubber fiber direction, and then 
providing a stretch release, restretch, and stretch release process7. The thereby formed 
hierarchically buckled NTS sheath-core structure can be reversibly stretched to over 
10 times their initial length, while undergoing a resistance change that can be as small 
as 5%. This remarkable near invariance of conductance during giant fiber elongations 
is also complemented by highly reversible retention of nearly constant conductance 
over thousands of high strain cycles, extremely small changes in conductance during 
small radius coiling, and no degradation in conductance during fiber twisting7. These 
sheath-core structures enabled strain sensors generating 860% capacitance change as 
the fiber is elongated 950%, as well as electrically powered torsional and tensile 
electrostatic muscles. 
This advance motivated us to deploy a hierarchically buckled carbon nanotube 
sheath as the electrode for sheath-core rubber fiber muscles that can be 
electrothermally powered to generate tensile and torsional actuation. These artificial 
muscles use the carbon nanotube sheath as the stretchable electrode needed for 
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electrothermal heating and the core rubber fiber as the actuating element. Sheath 
buckling in the fiber direction enables retention of sheath conductance in this 
direction during muscle elongation, and sheath buckles in the radial fiber direction 
(the fiber belt direction) enables expansion of the fiber belt during fiber contraction.   
Like for previous work on superelastic conducting sheath-core fibers7, a 
rubber fiber was stretched to a large strain, called the fabrication strain, wrapped with 
m NTS layers so that the nanotubes were oriented along the rubber core, and then the 
applied strain was released (Fig. 1a). The NTSs were highly-oriented carbon nanotube 
aerogel sheets, which are drawn from carbon multiwall nanotube (CNT) forests. The 
nomenclature NTSm@rubfib is used to denote the sheath-core structure of the rubber 
fiber artificial muscles, where m is the number of NTS layers wrapped around a 
rubber fiber. The rubber core fibers, which were commercially obtained (Thai Rubber 
Latex Corporation, STR 10), were made from a cross-linked natural rubber. Unless 
otherwise indicated, the diameter of the non-strained rubber fiber was about 2.5 mm 
and the fabrication strain was 600%. 
Structure and property characterizations for NTSm@rubfib artificial muscles 
were performed after preconditioning by applying five cycles of stretch-release to the 
maximum strain that does not plastically stretch the NTSs in the sheet alignment 
direction. Exceeding this fabrication strain, would cause irreversible plastic draw of 
the carbon nanotube sheath in the nanotube alignment direction. Scanning electron 
microscopy (SEM) images of NTS10@rubfib (Fig. 1g) show the typical hierarchically 
buckling structure of the NTS sheath along the fiber direction and necking along the 
belt direction7. NTS buckling formed along the fiber direction is to compensate the 
length contraction of the rubber fiber, which is possible since the largely non-elastic 
NTS sheath is highly flexible and has a relatively small bending modulus. Necking 
along the belt direction occurs to compensate the fiber’s radial expansion during fiber 
length contraction, which is large since the Poisson's ratio of the rubber fiber is about 
0.5. Necking is enabled due to the unique structural property of our NTS33. NTS 
sheets have an anisotropic structure with nanotube bundles aligned along the sheet 
draw direction, and these bundles interconnected by individual nanotubes. Such NTS 
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sheets have a high gravimetric mechanical strength along the sheet draw direction and 
weak mechanical interactions in the lateral directions. If the wrapping angle (the angle 
between the sheet draw direction and the stretching direction of the rubber fiber) is 
close to zero, this anisotropic structure of the NTS enables almost free expansion of 
the rubber fiber in the belt direction33. Both buckling and necking provide reversible 
stretchability for the NTS sheath electrodes used for electrothermal heating. 
In addition to excellent reversible stretchability, NTS sheath electrodes also 
exhibit very small change in electrical resistance during stretch/release cycles because 
of the hierarchically buckled structure of the NTS sheath, which is desired for 
convenient control of actuation. As shown in Fig. 2a, the percent resistance change 
(R() − R0)/R(0)) of the NTS electrodes decreases with increasing m over the strain 
range, where R0 is R(0) and ΔR()/R0 = (R() − R0)/R0, where R() is the resistance of 
a fiber with a stretched length (L()) at a strain of . The length-normalized electrode 
resistance at 0% strain (R(0)/Lmax) decreases from 0.93 k/cm for m = 3 to 0.08 
k/cm for m = 50 (SI Fig. S1), where Lmax is the maximum stretched length (Lfab),  
and Lfab is the stretched length (corresponding to the fabrication strain) used for sheath 
wrapping. The maximum available strain remains almost constant with increasing m. 
This is different from the previously reported results7, where a lower modulus 
styrene-(ethylene-butylene)-styrene (SEBS) rubber fiber was used as core and the 
available strain range decreased from 1320% to 1000% with increasing m from 1 to 
50. The m-invariant available strain for the NTSm@rubfibs (m from 1 to 50) is due to 
the significantly higher mechanical strength and modulus for the investigated natural 
rubber as compared to those of SEBS rubber7, as shown in Fig. 2b. This high modulus 
of the investigated natural rubber muscle will be below shown to dramatically 
increase the contractile work capacity of a thermally powered natural rubber fiber 
muscle compared with that for a thermally powered muscle made from the SEBS 
rubber. 
A typical configuration for tensile actuation is shown in Fig. 1b, where an 
NTSm@rubfib muscle operates isobarically (i.e., under a constant applied tensile load). 
When voltage is applied to the NTS sheath electrode of the mechanically loaded 
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NTSm@rubfib, the temperature of this muscle increases due to Joule heating. The 
heated rubber fiber then contracts in order to obtain the entropy increase associated 
with an increase in the coiling of polymer chains in the stretched fiber, thereby lifting 
the attached load. Unless otherwise noted, tensile stress is calculated with respect to 
the cross-sectional area of the unloaded muscle segment, and actuator strokes are 
relative to the muscle length under an applied tensile load, rather than to the load free 
length, and m=10 for the actuation measurements. Use of the load-free muscle length 
for calculation of percent muscle stroke would increase this stroke. Input electrical 
power was normalized with respect to the initial length of the non-twisted, non-loaded 
sheath/core fiber. Unlike the case for polymer muscles, where tensile actuation is 
strongly effected by load-dependent plastic deformation that occurs during twist 
insertion to fabricate a muscle, the results of Fig. S2 show that the tensile actuation of 
the rubber fiber muscles is independent of the load applied during twist insertion. 
Figure 3a shows that the tensile stroke of the sheath-core rubber fiber muscle 
is near zero unless the muscle is mechanically loaded. A maximum measured tensile 
contraction of 23.2% was observed for an NTS10@rubfib muscle at 2.3 MPa stress 
when 0.70 W/cm of electrical power was applied to obtain equilibrium stroke (Fig. 
3a). The corresponding NTS sheath resistance change during 23.2% contraction was 
less than 4%, as shown in Fig. 2a (from 182% to 158% strain). When the applied 
tensile stress was further increased, the percent tensile stroke decreased. This behavior 
is similar to that observed during the tensile actuation of rubbers that is driven of 
dielectric tensile actuation of rubber34. However, increasing the tensile stress on a 
non-coiled polymer fiber muscle (Fig. S4 of reference 2) decreased thermal 
contraction unless the muscle had been highly twisted. For the coiled polymer fibers, 
the load dependence of stroke is more complicated. When a coiled polymer fiber is 
under low load, so that the coils are contacting (or close to contacting), increasing 
load increased thermal contraction (since inter-contact during actuation was 
progressively minimized). At high load, where the inter-coil contact problem 
disappears, increasing the tensile load resulted in a non-normalized length contraction 
that was load independent, so the work capacity of the polymer fiber muscle linearly 
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increased with applied load until the muscle mechanically failed. In this high-load 
regime the percent muscle stroke decreased with increasing load when this stroke was 
normalized with respect to the non-actuated loaded length, but only because this 
length substantially increases with applied load. 
Figure 3b shows the dependence of tensile stroke and work capacity during 
muscle contraction on input electrical power for NTSm@rubfib muscles (for m = 10 
and 20) lifting a 2.3 MPa load. Both tensile stroke and work capacity increased nearly 
linearly with input power, which is the expected result if increasing the input power 
linearly increased the temperature used for actuation (which is shown to be the case in 
Fig. 4 b,d) and if actuation results from a stretch-enhanced, 
largely-temperature-independent negative thermal expansion coefficient. This 
assessment is supported by the essentially linear dependence of tensile stroke on the 
temperature used for actuation (measured using a thermocouple inserted inside the 
rubber core), which is shown in the Fig. 3b inset. As expected, the dependence of 
actuation on input power (Fig. 3b) does not depend upon m as long as the total input 
electrical power to the muscle is kept constant. 
As shown in Fig. 3b, a tensile actuator stroke of 23.2% under a 2.3 MPa stress 
provided a contractile work capacity of 0.54 kJ per kilogram of muscle weight. The 
actuation temperature needed to realize this performance (125 °C, in the figure inset) 
is far below the degradation temperature of the rubber core (200 oC from the 
thermogravimetric measurements of SI Fig. S3S6). Increasing the tensile stress on the 
sheath-core muscle increased the maximum measured contractile work to 1.05 kJ/kg 
at 7.4 MPa, which is 22 times the work capacity of natural skeletal muscles (0.047 
kJ/kg)24 (SI Fig. 3S2ea). Figure 3c shows the time dependence of thermal actuation 
cycles for a NTS10@rubfib muscle that was driven by 0.54 W/cm of input power, and 
actively cooled using a drop of ethanol. 
The applied voltage needed to drive the sheath-core muscles to 23.2% 
actuation can be reduced from the 21.5 V/cm needed for the NTS10@rubfib muscle to 
15.8 V/cm for an NTS20@rubfib muscle. This 1.36 fold reduction in needed drive 
voltage is reasonably consistent with the (2)1/2 reduction of the resistance expected 
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from the above change in m. Since the results in Fig 3b show that doubling m does not 
significantly decrease tensile stroke or the work done during contraction, the number 
of nanotube sheet layers in the sheath can be increased (and the drive voltage 
corresponding decreased) until the force constant due to the sheath is so high that it 
significantly restricts the ability of the stretched sheath-core muscle to contract during 
actuation. 
The presently used rubber core for the sheath-core fibers has a much higher 
modulus and strength that the rubber core used for our previous superelastic 
sheath-core fibers, which was a styrene-(ethylene-butylene)-styrene (SEBS) block 
copolymer, which contained a plasticizer (ExxonMobil, Marcol 82). These much 
higher tensile properties of the presently used rubber (shown in Fig. 2b) were 
critically important for realizing the presently achieved work capacity of muscle 
contraction. More specifically, while heating a NTS10@rubfib muscle with SEBS 
rubber fiber core from ambient to approximately 125 °C resulted in approximately the 
same contraction as for the presently used high modulus rubber, this stroke resulted 
from the application of a tensile stress of only 0.03 MPa. Hence, the contractile work 
capacity for this stroke was only 0.0036 kJ/kg, which is 180 times lower that realized 
for this stroke for the present high modulus rubber core. Moreover, the maximum 
contractile work capacity for this SEBS muscle was 0.11 kJ/kg, which is a factor of 
9.5 lower than for the present fiber of natural rubber. 
 As shown in Fig. 3d, twist insertion decreases the tensile stroke of the rubber 
fiber muscle for all values of the applied tensile load. However, these results show 
that the decline in tensile stroke with increasing twist insertion is most abrupt when 
the applied isobaric load is low.  For comparison, non-coiled non-elastomeric 
polymer fibers provide a twist-insensitive stroke when the inserted twist does not 
exceed a critical limit, and thereafter a stroke that sharply declines with additionally 
added twist up to the point where coiling begins. The Fig. 3d data show that the 
electrothermally powered actuation essentially vanished for the rubber fiber muscles 
when the amount of inserted twist was sufficient to cause complete coiling of the 
sheath/core muscle. These results contrast with those reported for non-elastomeric 
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polymer fiber muscles and carbon nanotube hybrid muscles, where coiling can 
amplify tensile stroke realized for a given actuation temperature by factors of at least 
8.3 and 6.8, respectively. These differences between the present results and those for 
our earlier muscles can be understood from the differing structures and mechanisms 
for these polymer fiber and rubber fiber muscle types.  
In contrast with the above demonstrated adverse effects of twist insertion on 
the tensile actuation of a two-end torsionally tethered sheath-core fiber, we will show 
that twist insertion into the sheath-core fibers results in thermally actuated torsional 
muscles whose dimension-normalized stroke exceeds that previously demonstrated 
for any electrically, thermally, or electrochemically driven muscle fibers2, 5, 7, 24. Also, 
we will demonstrate that there is relatively small degradation in tensile stroke on twist 
insertion when the configurations of Fig. 1 c, d are deployed, which enable untwist of 
single ply or two ply NTSm@rubfib. 
The configuration deployed for these initial characterizations, which is shown 
in Fig. 1c, is like we previously deployed for the above diverse types of torsional 
artificial muscles 2, 5, 7, 24. A sheath-core NTSm@rubfib was connected in series with a 
non-actuating rubber segment, which served as a torsional return spring. The opposite 
ends of the muscle and return spring array muscle were torsionally tethered to prevent 
twist release and a load was applied to prevent fiber snarling (Fig. 1c). The amount of 
inserted twist was far below the amount needed to provide coiling. As shown in Fig. 
4a, torsional stroke for isobaric actuation increased with increasing twist density, and 
was maximized by inserting 1.6 turns/cm of twist for a 2.5-mm-diameter 
NTS10@rubfib. Above an initial plateau region, the tensile stroke this muscle does 
slightly decrease with increase in the twist density applied to this assembly, but the 
tensile stroke degradation is not large for the twist density (based on the total length 
of muscle and return spring) that maximizes torsional stroke. 
Figure 4b shows the dependence of torsional stroke and tensile stroke on input 
electrical power for an isobarically operated 2.5-mm-diameter NTS10@rubfib muscle. 
The torsional stroke reached 87.6 degree/cm for an applied power of 0.70 W/cm, 
which produced an equilibrium muscle temperature of 125 oC. This torsional stroke is 
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much higher than previously reported for single-ply and two-ply dielectric torsional 
muscles (21.8 and 44.4o degree/cm for single ply and two ply muscles, respectively)7 
having a similar diameter (2 mm), which were operated at 15 kV. 
Another muscle configuration was explored as an alternative to the above 
single-ply torsional muscle. Instead of inserting twist in a single-ply NTSm@rubfib, a 
torsional muscle was made by plying together two identical non-twisted 
NTS10@rubfibs (Fig. 1d). Figs. 4, c and d show the dependencies of torsional stroke 
and tensile stroke on inserted twist and applied electrical power for the isobarically 
operated two-ply NTS10@rubfib muscle. When this two-ply muscle was operated 
isobarically in the muscle/return-spring configuration used for the single-ply muscles, 
a lower maximum torsional stroke (52 degree/cm) was obtained than for the single ply 
muscle (88 degree/cm), even though both muscle types had the same applied stress 
normalized to total fiber cross-section (1.3 MPa) and the same input power (0.45 
W/cm). However, note that the two ply muscle provides a long plateau in inserted 
twist density where torsional stroke and tensile stroke is relatively insensitive to the 
inserted twist, which is not the case for the single ply torsional muscle.  
Importantly, the results in Fig. 4 show that there is relatively small degradation 
in tensile stroke on twist insertion when the configurations of Fig. 1 c, d are deployed, 
which enable untwist of single ply or two ply NTSm@rubfib during heating. This 
untwist during muscle heating surprisingly enables the NTSm@rubfib to have a much 
larger contraction during heating than it would have had if torsionally tethered to 
prevent yarn untwist. The explanation is that releasing twist in the NTSm@rubfib 
during paddle rotation reduces the contractile stroke degradation on twist insertion 
that is seen in Fig. 3d, thereby providing a large contractile stroke.  
As theoretically predicted and demonstrated for polymer muscles, the product 
of muscle diameter and either torsional stroke per muscle length or the inserted twist 
per muscle length needed to obtain coiling is scale invariant. Hence, the torsional 
stroke per muscle length can be decreased by decreasing muscle diameter, as long as 
muscles having different diameters are made analogously (such as by inserting twist 
using a fixed applied stress and using an amount of inserted twist per muscle length 
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that is inversely proportional to muscle diameter). This inverse dependence of 
torsional stroke on muscle diameter must be considered when comparing the torsional 
strokes of different diameter muscles. The length and diameter normalized torsional 
stroke for our NTS10@rubfib muscle reached 21.9o, which is 14.6 times and 4.7 times 
higher than those of the previously reported single-ply and two-ply torsional dielectric 
fiber sheath/core muscles (1.5o for single ply and 4.7o for two-ply muscle), 
respectively7. Furthermore, this scaled stroke is also much higher than for the highest 
performing electrically-driven torsional muscles (0.71° for electrothermally powered 
wax-filled CNT yarn muscles5, 4.30° for electrothermally powered nylon muscles2, 
and 2.16° for electrochemically driven CNT muscles24). 
The drive mechanism for this electrothermal torsional actuation is coupling of 
tensile actuation to torsional actuation, which is also the case for the electrically 
driven actuation of dielectric-based rubber muscle fibers7. This differs from the drive 
mechanism for our thermally powered polymer muscles and hybrid nanotube yarn 
muscles, where muscle volume expansion causes helical yarns or fibers to reversibly 
untwist.  
The increased entropically generated force produced by heating the stretched 
rubber fiber muscle contracts muscle length, while the fiber diameter increases to 
conserve volume (since the rubber fiber has a Poisson’s ratio of ~0.5). This results in 
an increase of twist density, torsional stiffness, and torque in the actuating segment, 
causing transfer of twist from the actuating segment to the return spring to maintain 
torque balance. Hence, the paddle rotates. Since the torsional return spring has a large 
twist density and a low torsional stiffness, it can accommodate large torsional stroke 
during actuation. Selection of the torsional return spring includes considering a 
combination of parameters, to thereby provide low torsional modulus, small fiber 
diameter, and long length for the return spring. 
By employing the neo-Hookean model for nonlinear hyperelastic materials, 
the torsional actuation ()can be expressed as a function of tensile actuation, 
L, where ψ0 is the initial inserted twist angle per fiber length, and ΔL is the 
tensile actuation. This equation suggests that the torsional stroke is proportional to 
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tensile actuation if the inserted twists remain relatively unchanged during actuation. In 
agreement with this theoretical prediction, the data show that torsional stroke is 
linearly proportional to the change in length (Fig. 4b inset). Equation L also 
suggests that torsional stroke for an NTSm@rubfib muscle would linearly increase 
with initial inserted twist (Fig. 4a). However, experimental data show that the 
torsional stroke increases linearly with increasing inserted twist at low twist density, 
reaches a peak value at inserted twist of 1.6 turns/cm, and then starts to decrease. This 
linear dependence fails because of the nonlinear elastic behavior of the rubber at high 
strains, which is observed in dependence of tensile stress on tensile strain (Fig. 2b) 
and in the dependence of torsional stiffness on the stretch ratio (i.e., the ratio of 
stretched length to non-stretched length)7. For an intermediate degree of twist 
insertion, the torsional stiffness of the rubber is low, which enables the torque of 
torsional actuation to generate an enhanced torsional stroke, as observed in dielectric 
dual-segment torsional muscles7. This tensile-actuation-driven thermal torsional 
actuation is different from that of previously reported thermal torsional muscles, such 
as nanofiber hybrid yarn muscles and polymer fiber muscles, where untwist is driven 
by yarn or fiber volume change2, 5. 
In summary, electrothermally powered torsional and tensile fiber muscles were 
demonstrated using hierarchically buckled sheath-core NTSm@rubfib fibers. The 
hierarchically buckled NTS sheaths as heating elements can be reversibly stretched up 
to 600% and twisted while maintaining less than 4% resistances change during 
actuation. A maximum measured reversible tensile contraction of 23.2% was 
observed for an NTS10@rubfib muscle at 2.3 MPa, and a maximum contractile work 
capacity per muscle weight of 1.05 kJ/kg was obtained. Through coupling of tensile to 
torsional actuation, highly reversible torsional actuation was demonstrated by 
introducing twist to the sheath-core NTSm@rubfib. The length and diameter 
normalized torsional stroke for an NTS10@rubfib muscle reaches 21.9o, which is 14.6 
times and 4.7 times higher than that of a single-ply and a two-ply torsional dielectric 
fiber muscle, respectively. Various potential applications for these electrothermally 
powered tensile and torsional muscles could be exploited, including high strength and 
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stroke artificial muscles in robots, soft machineries, and optical elements in optical 
circuits.  
Theoretical Section 
This section explains the theoretical approach used to predict the dependence of 
tensile stroke on applied stress for different levels of input power that is shown in 
Figure 3(a). 
  We first characterize the rubber response to stress using a Mooney-Rivlin 
model for hyperelastic materials. In this model, the stored energy function has 2 
parameters, C1 and C2, that must be fitted based on the experimental uniaxial 
stress-strain curve. According to this model, the axial force necessary to keep a rubber 
rod deformed by simultaneous axial extension and torsion without coiling is given by 
    2 2 2 41 2 0 1 2 02 1 2 2F C C r C C r                   (1) 
where F is the force, λ = L/L0 is the elongation, L is the deformed length, L0 and r0 are 
the original length and radius respectively and ψ is the amount of twists is degrees per 
meter. We determined C1 and C2 by fitting the stress-strain curve at zero twist.  
For the thermal actuation, we define WE to be the electrical work supplied by 
the power source and WT the rate of energy lost due to the heat loss to surrounding air. 
In the equilibrium actuated state, energy conservation demands WE = WT. Taking the 
resistance R of the material to be approximately constant, then WE = U2/R where U is 
the voltage applied. We assume the heat loss to be proportional to the area of the fiber 
and the temperature difference between the fiber and the surrounding air: 
WT = Kλ0.5(Ta - T0), where Ta is the actuating temperature, and T0 is the room 
temperature.  
From the theory for rubber elasticity based on entropy, the force done by the 
rubber when uniaxially deformed is proportional to its temperature. It is also 
dependent on the rubber elongation according to Equation (1). Therefore, we can 
write, for zero twist,  
  2 21 2 02 1F C C r T                          (2) 
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where T is the fiber temperature. Solving for the temperature on Equation (2) and 
substituting back into the energy equilibrium equation we get     
22 2 0 0 1 00.5 0.50 0 20 1
1 21 11 2a a a a a
C CTU UT K T KR T R C C
      
                    (3) 
Where the subscripts 0 and a mean at rest under load and ambient temperature 
and at rest at actuated length respectively. We can join every constant (U2, R, T0 and K) 
into one value Af. Finally, reorganizing the Equation (3) we have the relation between 
actuated and non-actuated elongation:  
      0.5 2 21 0 0 1 01 1 2 1 2f a a a aA C C C C                 (4)  
Equation (4) is numerically solved for λ as a function of λ0 with a different constant Af 
for each applied electrical power.. The last step is to convert from elongations to stress 
and strains to generate the graph of actuation tensile actuation stroke. Theory 
accurately predicts the stress dependence of tensile actuation stroke on Fig. 3a. 
 For the dependency of actuation on inserted twist the exact same reasoning can be 
made but adding the dependency on ψ. The equivalent of Equation (4) for this case is 
           20.5 2 4 2 40 0 0 0 0 0 01 f a a a aA M N r M N r                 (5) 
Where M(λ) and N(λ) are short notation for     2 21 02 1 2M C C r        
and  1 2( ) 2 2N C C    .  
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Figures and Figure Legends 
 
Figure 1. (a) Schematic illustration of the steps used for fabricating an NTSm@rubfib 
artificial muscle. (b-d) Muscle configurations for tensile and torsional actuation: 
one-end-tethered single-ply tensile actuator (b), one-end-tethered single-ply muscle that 
provides both tensile and torsional actuation (c), one-end-tethered two-ply muscle that 
provides both tensile and torsional actuation (d). Optical micrographs for an NTS10@rubfib 
tensile muscle (e) and a two-ply torsional muscle (f). (g) SEM image showing the hierarchical 
buckling of an NTS10@rubfib at 0% strain. The fiber direction is vertical and the fiber belt is 
horizontal. The fabrication strain was 600%. 
 
 
 
 
 
20  
 
 
 
Figure 2. (a) Relative resistance change of a twist-free NTSm@rubfib muscle as a function of 
strain for m = 3, 10, and 50. R() and R0 are the fiber resistance at engineering strain  and at 
zero strain, respectively. (b) Stress-strain curves for a natural rubber fiber (blue), a 
NTS10@rubfib (red) and a SEBS rubber fiber (black). The inset shows the stress-strain curve 
for the SEBS rubber fiber using a smaller range of tensile stresses. 
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Figure 3. Electrothermally powered isobaric tensile actuation of NTSm@rubfib muscles. (a) The dependence of tensile stroke on applied stress for a non-twisted NTS10@rubfib muscle that is actuated using different values of applied electrical power, where open circles 
and solid lines are experimental data and theoretical results, respectively. (b) The dependence 
of tensile stroke and work capacity on input electrical power for a non-twisted NTSm@rubfib with m = 10 (circles) and 20 (triangles) and 2.3 MPa applied stress. The inset is tensile stroke 
as a function of actuating temperature. (c) The time dependence of tensile stroke for a 
non-twisted NTS10@rubfib under 2.3 MPa tensile stress when heated by 0.54 W/cm electrical power and cooled using ethanol. (d) Tensile stroke as a function of inserted twist density for a 
NTS10@rubfib muscle actuated by applying 0.11 W/cm of electrical power, where the applied tensile load was decreased with increasing twist insertion, so that the unactuated muscle 
length was kept constant (at 1.6 and 2.6 times the non-loaded, non-twisted, non-actuated 
length for the bottom and top curves, respectively). (e) Gravimetric work capacity during 
contraction as a function of applied stress for a NTS10@rubfib muscle that is actuated using different values of input electrical power. 
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Figure 4. Electrothermally powered simultaneous torsional and tensile actuation of 
NTS10@rubfib muscles during isobaric actuation. (a) The dependence of torsional and 
tensile strokes on inserted twist for 0.6 mm and 2.5 mm rubber fiber muscles, which were 
driven at electrical power levels of 0.70 and 0.36 W/cm, respectively, so that the temperatures 
of the actuated yarns were identical (125C). (b) The dependence of torsional stroke, tensile 
stroke, and actuating temperature on input electrical power for a single-ply rubber fiber 
muscle with 1.6 turn/cm twist. (c) The dependence of torsional and tensile strokes on the twist 
density used for plying a two-ply rubber-fiber muscle. The applied 0.45 W/cm of electrical 
power provided an actuated temperature of 100C. (d) The dependence of torsional stroke, 
tensile stroke, and actuating temperature on input electrical power for a rubber fiber muscle 
with 0.78 turn/cm twist. The applied stress was 1.25 MPa and 2.60 MPa for muscles made 
from 2.5 mm diameter and 0.6 mm diameter rubber fibers, respectively.
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ABSTRACT: Molecularly imprinted polymers are advanced recognition materials selectively rebinding a target molecule present during the synthesis of the polymer matrix. It is commonly understood that the templating process is based on embedding the com-plex formed between a template and functional monomers into a co-polymer matrix via polymerization with a cross-linker while maintaining their spatial arrangement forming a molecular imprint. Template removal then leads to synthetic recognition sites ready to selectively rebind their targets, which are complementary in functionality, size and shape to the target. In this study, an innova-tive theoretical concept using fully atomistic molecular dynamics simulations for modeling molecular templating processes is intro-duced yielding virtually imprinted polymers (VIPs). VIPs created for the template 17-β-estradiol and applied in modeled chroma-tography experiments demonstrated selectivity for their template evidencing the creation of virtual imprints as a result of a templat-ed synthesis protocol, which represents a theoretical confirmation of the governing imprinting theory.  
INTRODUCTION 
Molecularly imprinted polymers (MIPs) are tailored recog-nition materials applied as artificial antibodies,1 for pseudo-immuno-assays2,3 or as selective stationary phases in liquid chromatography or solid phase extraction.4,5 The fundamental concept behind molecularly imprinted polymers (MIPs) is the hypothetical ability to create memory for a molecule (i.e., ‘template’) by interaction with functional monomers (FM) either via covalent or non-covalent bonds forming a pre-polymerization complex. This spatial arrangement is integrat-ed into a three-dimensional architecture via polymerization with a cross-linker. Removal of the template ideally leads to binding sites complementary to the target in functionality, shape, and size (see figure 1 and SI). After extraction, the template may then – more or less selectively - rebind follow-ing the lock-and-key principle similar to molecular recognition processes in enzymes or antibodies.6 Following this rather simple yet promising concept has lead to a wealth of publica-tions and imprinted molecules7,8 since ‘modern molecular imprinting’ has been initiated by the groups of Wulff and Mosbach experimentally proving the feasibility of covalent and non-covalent imprinting strategies.9,10  In the following decades, the increasing complexity of target molecules and synthesis routes has in parallel initiated efforts aiming at an advanced rational understanding of MIPs. Hence, experi-mental and theoretical approaches for rationally understanding the fundamental nature and binding properties of MIPs were extensively investigated using analytical, theoretical, and computational methods.11–14 However, the governing paradigm behind molecular imprinting and the question whether this is a deliberately controllable process or a statistical effect has not conclusively been evidenced. In addition, frequently absent 
control experiments, and occasional below par performance vs. the raised expectations – in particular in terms of selectivi-ty - has led to justified doubts on the general idea of molecular imprinting arguing that any ‘imprinting effect’ is just a matter of statistically distributing more or less favorable binding moieties within a polymer matrix, rather than deliberately templating the material. Likewise, it remains up for debate whether an imprinting effect indeed results from the creation of complementary binding sites within a polymer network or whether it is a matter of achieving sometimes minutely yet probably distinctively different polymer properties, if a tem-plate is present as an additive during the polymerization. Con-sequently, the common procedure of proving an imprinting effect by comparing the imprinted polymer with a control polymer (i.e., also called non-imprinted polymer (NIP) synthe-sized in absence of the template) is doubted, since in most cases the physical polymer properties including, e.g., the po-rosity, the surface area, the pore size distribution, etc. may be significantly different. 
In this study, a novel approach to achieve a better rational understanding of MIPs is introduced presenting a theoretical concept for modeling MIPs with molecular dynamics (MD) simulations. MD simulations represent a powerful tool for the simulation and visualization of processes between atoms and molecules occurring on a molecular level. To date, several approaches have been reported using molecular dynamics (MD) simulations for rationally understanding MIPs, however, predominantly studying the non-covalent interactions occur-ring in the pre-polymerization assemblies comprising tem-plate, functional monomer, and cross-linker.15–20 To date, there are only a few attempts reported proposing theoretical models to simulate MIPs in their polymerized state owing to the diffi-
 culty of MD simulations of complex chemical reactions such as MIP synthesis on a molecular level.21 Furthermore, the precise molecular structure of an imprinted polymer network usually remains undetermined, yet is considered vital for gen-erating appropriate molecular configurations for MD simula-tions. These facts complicate the simulation of the formation of MIPs or the investigation of the molecular recognition process of MIPs and require a series of approximations when developing a theoretical model for MD simulations of MIPs. 
Hence, only few theoretical models based on MD simulations have been proposed.22–25 In contrast to these models, the pre-sent strategy for the first time suggests a theoretical model and procedure for MD simulations of the imprinting procedure, as well as of the rebinding properties, thus confirming that mo-lecular imprinting procedures indeed entail selective binding properties into such polymer matrices. 
 
CONCEPT AND MODEL DEVELOPMENT 
The basic idea of the present concept is to simplify a MIP such that acceptably extensive MD simulations could mimic the fundamental aspect of the imprinting and rebinding pro-cess. Therefore, the structure of a MIP was reduced to a mini-mal set of building blocks critical for entailing selectivity. As commonly acknowledged, the crucial component in molecular imprinting is the functional monomer, which – in its interac-tion with the template and the subsequent spatial position within the polymer matrix - defines the affinity and selectivity properties of the MIP towards its target.6 To build the model, the polymeric matrix of a MIP was reduced to a 3-dimensional cylindrical tube of functional monomer building blocks simu-lating a single pore within the co-polymeric network (figure 1 A). In order to incorporate the electronic features of the func-tional monomers polymerized via cross-linkers into a network, the vinyl groups of the functional monomers in the structural models were considered hydrogenated. Hence, the tube struc-ture was established via a ring of hydrogenated monomers, whereby the atoms of the vinyl groups are fixed in position along the outside of the ring representing in a simplified way their connection to a polymer backbone. Finally, stacking such ring structures along the Z-axis yields a tube of regularly or-dered monomers (figure 1B). 
 
 
Figure 1. From fundamental concepts of MIPs to virtually im-printed tubes. (A) Schematic generation of the tube model. (B) From the tube model to the virtually imprinted polymer (VIP). 
For simulating a molecular imprinting process, the initially regularly structured tube of functional monomers is ‘virtually imprinted’ by performing MD simulations on the interaction between the functional monomer building blocks and template molecules present within the tube in explicit solvent (figure 1 ,2) yielding a VIP – a ‘virtually imprinted polymer’. During the simulation, the monomers are allowed to move only along the Z-direction for rearranging themselves according to their interactions with the template, yet maintaining the tube-shape due to fixation of the hydrogenated vinyl group along the X- and Y-direction (movie 1, supporting information). In order to determine whether a tube may be considered a VIP, hydrogen bond analysis is performed evaluating all recorded snapshots of the system status created during the simulation. As the interaction of the used functional monomer MAAM with the target is mainly based on hydrogen bond formation, counting the number of occurring hydrogen bonds between the func-tional monomers and the templates is an indication for the imprinting quality (figure 4). Hereby, it is assumed that the tube structure facilitating the maximum number of hydrogen bonds represents the optimum ‘virtual imprint’ with the high-est number of interacted templates inducing the rearrangement of the functional monomers. The coordinates of the functional monomers at this state are then saved as the ‘virtually imprint-ed tube’. Caused by the commonly weak interactions between functional monomers and template, the hydrogen bond for-mation is forced by performing the MD simulation at a low system temperature of 100 K. 
 
 
 
Figure 2. Snapshots of a virtual imprinting process from the NVIP tube (0 ps) to the VIP tube (67 ps; i.e., maximum number of hydrogen bonds achieved). The system was built from functional monomer molecules (hydrogenated methacrylamide; multi-colored), solvent molecules (acetonitrile; cyan transparent), and template (17-β-estradiol; red). The snapshots represent changes in functional monomer arrangement during the virtual imprinting process visualizing reorganization of functional monomers due to their interactions with template molecules. 
To investigate if such a tube may indeed be considered a VIP, an additional MD simulation concept is required. Derived from the experimental procedure using the MIP as selective stationary phase in liquid chromatography, a virtual chroma-tography experiment (VCE) was designed considering the VIP or NVIP tube a molecular pore with chromatographic function (figure 3). Similar to experimental studies comparing the performance of a MIP to the equivalently prepared polymer synthesized in absence of the template (i.e., non-imprinted 
 polymer), the VCE may be executed using either the VIP column or the initially non-imprinted virtual (NVIP) tube. Thereby, the hydrogenated vinyl groups of the functional monomers are fixed at their positions modeling their binding to a polymeric network. 
 
 
Figure 3. Concept of virtual chromatography experiments (VCE) comprising two solvent reservoirs (acetonitrile molecules; cyan) enclosing two units of VIP or NVIP column (multi-colored mole-cules). VIP and NVIP column were filled with acetonitrile mole-cules containing sample molecules (red). 
Applying a ‘virtual pressure’ to the VCE system induces a flow of solvent molecules equivalent to the movement of the mobile phase. For determining potential retention effects and selectivity, template molecules or structurally related ana-logues are virtually injected into the solvent flow, and perco-late through the VIP or NVIP column. If a difference in resi-dence time in the VIP tubes for its template vs. structurally related molecules is observed, the theoretical proof for the existence of a ‘molecular imprinting effect’ is indeed achieved. 
 
EXPERIMENTAL SECTION 
For detailed information the reader is referred to the SI. In brief, simulations were performed using the molecular dynam-ics simulation program LAMMPS26 (http://lammps.sandia.gov) with the AMBER27 potential and GAFF28 parameters. The starting configurations were created with packmol,29,30 anthechamber,31 tleap,32 and am-ber2lammps. The model pore was built of 40 rings of 6 hMAAM monomers (radius = 15 Å) along the Z-axis each turned by 30° towards the previous ring. Thereby, one methyl group was fixed radially to the outside of the tube. For the imprinting setup, the templates E2 and solvent molecules ACN were randomly distributed in the inside volume of the cylindrical tube. The number of E2 molecules was chosen applying a template-monomer ratio of 1:4, the number of ACN molecules corresponds to its density at room temperature. During imprinting, the FMs movement was restricted to Z-axis. With this setup, a MD simulation was performed for 100,000 time steps (1fs each) and afterwards analyzed by the hydrogen bond analysis tool of VMD.33 The coordinates of the hMAAM monomers of the snapshot with the highest number of h-bonds between E2 and hMAAM were saved as the ‘virtu-ally imprinted polymer’ tube. For analyzing the virtual im-print, a VCE was created consisting of two units of the VIP or NVIP tube stringed together and surrounded by a solvent reservoir at the front and distal end of the tubes. The samples consisting of 5 E2, aE2 or EE2 molecules were added at the beginning of the tubes. Correspondingly, virtual chromatog-raphy MD simulations with 200,000 time steps were per-formed. 
For the statistical evaluation of the virtually imprinted pol-ymer, a larger tube consisting of 160 rings of hMAAM mon-
omers was built and virtually imprinted. As described before, the coordinates of the MAAM monomers of the snapshot with the highest number of hydrogen bonds is saved as the VIP tube. To create a NVIP, a similar MD simulation in absence of the template was performed. The coordinates of the hMAAM monomers after 10 ps are saved as the NVIP tube. For the performed VCEs, the created VIP and NVIP tubes were placed behind with the sample space containing 20 units of either E2, aE2 or EE2 in acetonitrile. For every sample molecule, 20 repetitions of the VCE simulations with different starting configurations of the sample space were performed. To evalu-ate the VCEs, a script that outputs the time of each sample molecule when passing the end of the column was used. The generated data of all 20 repetitions was combined and evaluat-ed by analyzing the time depended frequency distribution of the passed sample molecules. Therefore, the number of passed sample molecules was separated into time intervals of 25 ps. 
 
RESULTS AND DISCUSSION 
As a first case study, the developed modeling strategy was demonstrated for the target 17-β-estradiol (E2), which has been extensively studied as a template for imprinting in the past and shows pronounced selective recognition effects dur-ing a variety of experiments.18,20,34–36 A tube of hydrogenated methacrylamide (hMAAM, supporting information) serving as the functional monomer was created. This NVIP tube was then virtually imprinted for the target E2 resulting in a correspond-ing VIP tube. As anticipated, the hMAAM monomers rear-ranged due to the prevalent thermodynamic motion, interac-tions with themselves, and – most importantly - according to their hydrogen bonding interactions with the target molecules simulated within the tube (movie 1, supporting information). During this arrangement, either one or two hydrogen bonds are formed between the hydroxyl groups of the target and the functional monomers. Furthermore, the initial length of the tube observably decreased (figure 2) due to interactions be-tween the hydrogenated monomers. The hydrogen bond analy-sis (figure 4) for E2 imprinting evidences that the number of hydrogen bonds stabilizes at an average of 45 after approxi-mately 15 ps and reaches a maximum of 57 after 67 ps. The arrangement of functional monomers at this time was conse-quently saved as VIP tube. 
 
Figure 4. Hydrogen bond analysis (number of hydrogen bonds vs. simulation time in ps). The maximum number of hydrogen bonds (57) occurs after 67 ps. 
For the VCEs, two systems based on NVIP and VIP column were generated and the retention behavior of the template 17-
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 β-estradiol (E2), its diastereomer 17-α-estradiol (aE2), and the structural analog 17-α-ethinylestradiol (EE2) was studied. Indeed, the VCEs confirmed the creation of a VIP revealing distinct selectivity for E2. It was found that even using chro-matographic columns of only 400 Å in length already clearly evidences differences in chromatographic retention for these target molecules resulting from their different affinity to the VIP (figure 5; movie 2, supporting information). The VCE reveals that E2 is most pronouncedly retained resulting from preferential interactions with the binding sites created within the VIP during the virtual imprinting procedure. Even after a simulation period of 200 ps, 4 of the 5 ‘virtually injected’ E2 molecules remain bound to FMs, thus confirming simulated selective binding sites. For comparison, almost all structurally related constituents passed within 200 ps through the VIP column without significant retention. Most notably, comparing diastereomers only 1 of 5 ‘virtually injected’ aE2 molecules remain bound to the E2 VIP after 200 ps with the bulk of aE2 molecules passing the column visibly faster than E2, thereby corroborating highly E2-selective binding sites within the VIP. 
 
Figure 5. Snapshots of VCE results (0, 60, 90, 120 ps) visualizing the injected test molecules E2 (red), aE2 (yellow), and EE2 (blue). Percolation of the molecules through the VIP column and the NVIP column shows that the VIP tube reveals the highest selec-tivity for the template E2 even vs. its diastereomer aE2. VCEs using the NVIP tube reveal similar percolation behavior and retention times for all investigated molecules. 
The comparison of the VIP results with the results of the NVIP further corroborates the existence of a distinct imprint-ing effect, as it is clearly evident that the NVIP column shows quite the same affinity towards either ‘virtually injected’ mol-ecule (figure 5; movie 2, SI). The fact that even the retention of E2 is similar to the retention of its structural analogues aE2 and EE2 within the NVIP tube indicates that the NVIP pro-vides no preferential binding properties for any of these mole-cules. In turn, it is confirmed that imprinting the NVIP tube leads to pronounced and specific retaining effects for the tem-plate molecule. Finally, comparison of the retention behavior during VCEs with VIP or NVIP tube confirms that the reten-tion time during all performed VCE simulations are similar, except for the retention of E2 on the VIP column, which is significantly longer. 
This method was refined enabling the statistical evaluation of the virtual imprinting process. In a first step, the length of the VIP and NVIP tube was increased to 800 Å to achieve a more distinctive chromatographic effect when evaluating the 
virtual imprint using the VCE. The NVIP tube was refined by similarly performed MD simulation as the VIP, yet, in absence of templates. Thereby, the coordinates of the hMAAM mono-mers at the simulation time of 10 ps were saved yielding a tube consisting of randomly distributed but not regularly or-dered functional monomers. With these tubes, 500,000 times steps of virtual chromatography simulations were performed. Compared to the previous VCE simulations, now 20 sample molecules were ‘injected’, and each simulation was repeated 20 times. Since LAMMPS inherently produces the same re-sults for the same starting configuration, the simulations were executed for 20 different starting configurations. 
This set of simulations allows an objective analysis of the virtual imprinting process. For each of the ‘injected’ sample molecules the time required for passing through the column once was determined. After repeated simulations, a frequency distribution function classifies the number of passed molecules into time intervals, thus representing a virtual chromatographic detector visualizing the results as quasi chromatograms. The results for each sample molecule obtained during 20 simula-tions were combined yielding the chromatographic peaks evident in figure 6. 
  
Figure 6. Quasi chromatograms derived from 20 virtual chroma-tography experiments for the ‘injected’ samples E2, aE2 and EE2 on the VIP and the NVIP column; comparison of the signal ob-tained from the simulations with the VIP and NVIP column for A) the template E2, B) the diastereomer aE2 and E) the structural analog EE2. 
 
The detailed evaluation of the quasi chromatograms unam-biguously demonstrates and confirms the previously reported creation of a virtual imprint with a statistical certainty. It is clearly visible that the created VIP only shows selectivity for its template E2 but not for the tested structural analogs aE2 and EE2. This fact is proven by the comparison of the ob-tained chromatographic peaks of the sample molecules on the VIP and the NVIP column as demonstrated in figure 6. Only the obtained peak for the template E2 definitely shows a posi-tive imprinting effect demonstrated by the difference in reten-tion between the VCE simulations using the VIP and the NVIP 
column (figure 6 A). Namely, the difference in the retention times of the peaks is relatively small, but this can be explained by the usage of for chromatographic applications comparative-ly short columns in the VCE of only 800 Å in length, which is caused by the circumstance of keeping the size of the VCE simulations in a adequate dimension to achieve reasonable simulation times. For comparison, the peak from EE2 of the VIP column can be interpreted as congruent with the peak obtained from the NVIP column (figure 6 C) and also the peak for aE2 (figure 6 B) shows no significant difference in reten-tion between the VIP and NVIP tubes. The peaks of aE2 even show a slight tendency towards a negative imprinting effect since the retention of aE2 on the NVIP is a little higher than on the VIP column.  
In the end the results of the series of statistically performed VCEs confirm the previously made statement of the genera-tion of a virtual imprint since the virtual imprinting effect in average is observed in all performed simulations. 
 
CONCLUSIONS 
In summary, the simulation results reported herein unam-biguously prove the existence of a distinct imprinting effect on a theoretical basis and similar to the concepts commonly de-scribed in MIP literature. Achieving selective retaining in a virtual imprinting/chromatography experiment clearly dis-proves the hypothesis that molecular imprinting is a purely statistical effect yielding higher affinity for imprinted poly-mers towards a target by chance. In turn, it is visualized for the first time that the presence of the target molecule during the imprinting procedure affects the spatial arrangement of FMs, thereby yielding selective binding properties. It is a remarka-ble success to achieve selectivity even using this comparative-ly simple model, not taking into account the bulk of the poly-mer matrix, but at the same time simulating more than just pre-polymerization complex formation. 
Last but not least, the obtained results proved the applicabil-ity of a comparatively simple theoretical model for virtually imprinted polymers and associated chromatographic perfor-mance modeling, which not only facilitates the simulation of MIPs in their polymerized state, but also provides a powerful theoretical tool for developing rational understanding on the governing processes occurring during the molecular imprint-ing process, and during rebinding studies. In addition, the fundamental concepts introduced herein provide a solid first step for modeling 3D MIP structures at almost any level of complexity, and towards enabling predictive performance simulations. 
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Abstract 
Artificial molecular recognition materials as molecularly imprinted polymers (MIPs) are 
attaining an important role in biotechnology and analytical chemistry, as they are able to 
selectively bind specific molecules or proteins. However, due to their specificity to 
ideally one particular molecule, each new MIP has to be individually designed for each 
desired target, which requires the development of a particular synthesis route. To avoid 
the yet common trial-and-error approach, approaches to rationally design MIPs are 
becoming vital in MIP design. 
In this work the idea towards a simple to apply and fast screening method for rational 
MIP design based on local density of states calculations is introduced. Towards this goal, 
the applicability of LDOS calculations to classify functional monomers according to their 
suitability for imprinting was demonstrated for 9 different functional monomers from 
literature. Based on these findings, the suitability of further 4 functional monomers was 
predicted correctly and experimentally confirmed. 
 
Introduction 
Molecularly imprinted polymers (MIPs) are tailor-made artificial recognition materials 
to selectively rebind a specific molecule comparable to their naturally occurring models 
such as e.g. enzymes or antibodies.1,2 Their selective rebinding properties in addition to 
the advantages of artificial materials such as low costs in preparation, a high mechanical 
and chemical stability and the possibility to be tailored to almost any desired molecule 
turn MIPs into a powerful alternative to their natural analogs. There are numerous 
possible application fields, e.g., antibody mimicking,3–5 synthetic enzymes in catalysis,6,7 
as selective adsorption materials in solid phase extraction8–12 or liquid 
chromatography .13–15 
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As MIPs are highly specific materials, they need to be individually designed for every 
desired target molecule. This requires the development of a new synthesis route for 
each new target molecule. Currently, the most common way for designing a new MIP is 
still experimental trial-and-error, which indeed is supported by the chemists intuition 
but makes successful MIP-design a very time consuming, resource intensive and 
expensive process that depends on a wide variety of different synthesis parameters, e.g., 
the functional monomer, the cross-linker or the porogenic solvent and their ratios. To 
increase the efficiency of MIP design, several approaches were developed to simplify 
and fasten the design of a new MIP. One possibility is the application of automated high-
throughput syntheses16,17 carrying out a vast number of small synthesis approaches in 
parallel, resulting in an experimental screening with several different synthesis 
parameters. However, this approach requires specific synthesis equipment and still 
represents a trial-and-error method. Another approach, that is highly promising, is the 
application of rational MIP design. Thereby, the syntheses parameters are determined 
by suitable a priori computational or analytical methods trying to understand and 
optimize the governing processes during the MIP-synthesis18–22 or by a priori screening 
of the crucial synthesis parameters. Compared to high-throughput synthesis, the 
computational methods are more favorable since only the most promising synthesis 
routes must be experimentally performed which saves costs, time and protects the 
environment. 
The mostly applied computational methods in rational MIP design are molecular 
dynamics (MD) simulations and quantum chemical calculations. MD simulations were 
predominately used to simulate the pre-polymerization solutions during non-covalent 
imprinting either to screen libraries of functional monomers and cross-linkers to 
optimize the synthesis route for a MIP or to achieve a deeper understanding in the 
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processes happening during imprinting and rebinding a template for MIP optimization 
21,23 Quantum chemical calculations are able to describe the electronic structure of 
molecules and complexes with high accuracy. Thus, they were frequently applied to 
calculate the structures of pre-polymerization complexes or to screen libraries of 
functional monomers or cross-linkers in case of non-covalent imprinting by energy 
minimization calculations. This information provides insights into the structure of pre-
polymerization complexes and their stability with different building blocks enabling the 
optimization of a MIP for the respective target. The usual need of high computational 
power, expertise in MD simulations or quantum chemical calculations hinder these 
approaches to be standardized approaches for MIP-design.  
Most groups working in the field of imprinting are experimental scientists without the 
necessary knowledge in computational chemistry or access to high computational 
power. Therefore, MD simulations and quantum chemical calculations have not been 
suitable to be applied as universal screening tools for large libraries of functional 
monomers or other synthesis parameters for rational MIP design. Hence, in this work 
the idea towards a future screening tool for large libraries of functional monomers or 
other synthesis parameters based on easy to perform semi-empirical local density of 
states (LDOS) calculations is introduced. 
 
Generally, chemistry describes the science of the behavior of the valence electrons of 
atoms, molecules or ions. Thus, the chemical properties of molecules depend on the 
distribution of their electrons and the calculation and analysis of the density of states – 
the physical chemical expression of the probability to meet an electron at a certain 
location - should provide reliable information about molecule reactivity and chemical 
properties. Since all reactive molecules contain functional groups that predominantly 
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define their reactivity, it is sufficient to only consider these regions for the electron 
density calculations. Thus, the electron density at these positions is of special interest 
and the local density of states (LDOS) of the reactive centers of molecules should be 
related with the whole reactivity of a molecule and its possibilities of interaction with 
other molecules. 
It has been reported that the chemical properties of a variety of molecules could be 
predicted by LDOS calculations without any previous knowledge of the chemical 
properties of the investigated molecules. With this procedure, the carcinogenity of a 
library of polycyclic aromatic hydrocarbons or the binding affinity of a variety of 
different steroids to the transport protein transcortin were predicted with high accuracy 
by performing simple LDOS calculations and the application of simple rules.24–27 
Herewith, LDOS calculations and their evaluation already demonstrated their suitability 
to predict molecule properties as well as binding affinities. Hence, LDOS calculations 
should be highly suitable to be applied in the field of molecularly imprinted polymers to 
predict the suitability of functional monomers for a certain imprinting problem since the 
binding affinity of a functional monomer towards a template is a main issue during non-
covalent imprinting of a template, which is based on the intermolecular interactions 
between a template and the functional monomers such as for instance van-der-Waals 
interaction, H-bonding or π-π interactions. 
In this work, the basic idea towards an easy to perform and fast screening tool for the 
pre-selection of functional monomers for imprinting is presented. This tool is based on 
LDOS calculations and its applicability was basically proven by first promising results.  
 
For the development of LDOS calculations as a predictive tool for rational MIP design, a 
dataset containing experimental data for a particular target that was imprinted with a 
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variety of different functional monomers is required. Hence, the frequently imprinted 
molecule 17-β-estradiol (E2) was chosen as a model target that was experimentally 
imprinted with 9 different functional monomers by the group of Sellergren et. al.,16 
which performed an experimental screening approach. With the experimentally 
determined imprinting factors from literature, the functional monomers were classified 
into suitable and non-suitable monomers for imprinting E2, which is necessary for later 
model calibration. 
To apply LDOS calculations as a predictive screening tool for functional monomers in 
molecular imprinting, a specific software was developed that automatically calculates 
the LDOS for selected regions of molecules and process this data using the multivariate 
data analysis procedures called principal component analysis (PCA) and hierarchical 
cluster analysis (HCA). 
The goal of the multivariate data analyses is to find a minimum number of data 
parameters (energy levels or local density of states) that are able to cluster the data 
points of the functional monomers into groups of suitable and non-suitable monomers 
for imprinting the template E2 according to their experimental data from literature. 
With these determined parameters, a first prediction of the suitability of unknown 
functional monomers for imprinting E2 was performed and experimentally confirmed. 
 
 
Results and discussion 
For the first step, the geometries of 17-β-estradiol and the 13 investigated functional 
monomers were optimized as it strongly influences the calculated electronic structure of 
the molecules. For all the following quantum chemical calculations these geometrically 
optimized structures were used. 
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Our program was then used to load all the molecule files (template and functional 
monomers), and perform the LDOS calculations on each one. The program automatically 
calls the external MOPAC201228 program – a program for quantum chemical 
calculations - and, since the geometries are pre-optimized, runs 1 step of the self-
consistent field calculation using the PM3 method to calculate the energy and electronic 
distribution of the 5 highest occupied orbitals and 5 lowest unoccupied molecular 
orbitals. The highest occupied molecular orbital was labeled as HOMO, the lowest 
unoccupied molecular orbital as LUMO. The other molecular orbitals were referred as 
HOMO-n and LUMO+n with n from 1 to 4.  This calculation is computationally cheap 
since a semi-empirical method that only needs to be done once is used to execute the 
LDOS calculations. This allows for rapid calculation of a library of different functional 
monomers. As the absolute value of the energies E for each orbital is not of particular 
physical significance, except for the HOMO and LUMO, the difference between the 
energy of orbitals EHOMO – E for the HOMO-n orbitals and E- ELUMO for the LUMO+n 
orbitals was stored. These values were also normalized to a scale of 1. For the next step, 
the local electron densities (LDOS) of all the relevant regions of the functional 
monomers and the template were isolated by marking these regions in the developed 
software by selecting the atoms on a 3-dimensional atomic model visualization. This 
generates a bar graph that acts as a “fingerprint” for the reactive sites of the molecules 
and allows us to visually inspect for similarities or differences between sets of 
candidates (figure 2).  
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Figure 1: User interface of the developed software. 
 
Thereby, simple rules were applied for the selection of the atoms; for all the hydrogen 
bond forming monomers, every atom that is able to form hydrogen bonds were selected 
such as, for instance nitrogen-, oxygen-, or halogen atoms; for all monomers that are 
able to form π-π-interactions, all the atoms that are part of the π-electron-system were 
selected and for monomers that are able to form hydrogen bonds and π-π interactions, 
all hydrogen bond forming atoms and atoms participating in the π-electron system were 
selected (figure 1). 
 9 
Then, for each monomer a set of 20 parameters comprising the normalized energies and 
electronic densities of the 10 calculated molecular orbitals was obtained. The program is 
then able to perform PCA and HCA analysis on manually selected combination of 
parameters. These multivariate data analysis tools enables the elimination of all 
irrelevant parameters that have no influence on the suitability of a functional monomer 
to imprint E2 and to select the fewest possible number of them that enables a clear 
separation between suitable and unsuitable monomers. 
By means of the calculation of molecular orbital energies, electronic densities and using 
PCA and HCA analysis it was possible to determine that the set of studied functional 
monomers can be separated according to their experimentally determined suitability to 
imprint the target molecule. The monomer suitability could be classified by using a 
single parameter: HOMO+2, the difference between the energy of third lowest 
unoccupied molecular orbital and the first. This parameter generates a clear separation 
of the functional monomers into groups of suitable and unsuitable monomers for 
imprinting the template E2 (figure 2, middle left). The separation is perfect except for 
the monomer HEMA, which is supposed to be a suitable monomer for imprinting E2 
according to the LDOS calculations but appeared to be an unsuitable during the 
experiments in literature. This could mean that according to its electronic structure it 
should be a suitable but some experimental parameters such as e.g. the spatial structure, 
cross influences with the applied solvent or cross-linker turned it into a monomer 
showing bad performance when experimental imprinting E2. 
In general, the characterization of suitability can be captured by a simple rule. If the 
normalized value of the calculated HOMO+2 parameter is higher than 0.6, the functional 
monomer is suitable, if it is lower it is unsuitable for imprinting E2. 
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Figure 2: Results of the performed LDOS calculations 
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Another interesting result is the fact that it was also possible to classify the functional 
monomers by their mode of interaction with the target. The parameter LUMO-2 
separated the functional monomers into groups of hydrogen bond forming monomers 
and monomers interacting by π-π interactions. In figure 2 (middle right) is clearly 
visible that values higher than 0.3 represent the group of monomers forming π-
interactions with the template whereas a value up to 0.3 represents hydrogen bond 
forming monomers. 
It is remarkable that a single parameter, the value of the local density of states in the 
third highest molecular orbital, is elementary for the suitability of functional monomers 
for imprinting E2. 
This finding enables the application of the method as a new tool for rational screening 
libraries of functional monomers for imprinting. To test this, a variety of functional 
monomers so far not used for imprinting E2 were included into the set of monomers to 
predict their suitability to imprint E2 by the previously developed LDOS methodology. 
Of these functional monomers, 2 representatives predicted as suitable and not suitable 
were selected and used for experimentally imprinting E2 to obtain experimental results 
about the correctness of the predicted suitability. In detail, MIPs with the functional 
monomers HEAA, NTBA, VIM and IBMA were prepared as well as MIPs with MAA and 
HEMA serving as control experiments. Thereby, the synthesis protocol was adapted 
from the protocol from literature to ensure comparable results. Since no automated 
high-throughput setup was available, the approaches were up scaled for bulk MIP 
synthesis but using the same cross-linker (EGDMA), solvent (ACN) and 
template:functional monomer:cross-linker ratio of 1:5:30 as applied in literature. Since a 
different synthesis method was chosen, control experiments were performed to 
investigate if the results of the applied method of bulk polymerization are comparable 
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with the high-throughput method performed in the literature on which the calibration of 
the developed LDOS method is based on. 
 
Table 3 clearly demonstrates that all the suitability predictions for the new functional 
monomers made with the LDOS method were correct as they were exactly 
experimentally confirmed. Even the “problem case” HEMA appeared to be predicted 
correctly as a suitable monomer by the performed LDOS calculations, since the 
performed experimental results contradict the results derived from literature. This 
proves the high accuracy of prediction possible with LDOS calculations applied on 
molecularly imprinted polymers. 
 
The application of LDOS calculations for the prediction of molecule properties was 
performed on different areas before and could be successfully applied on the field of 
MIPs for the first time. For the model template E2 it was possible to classify a library of 
functional monomers into groups of suitable and unsuitable monomers for imprinting 
the template by only one parameter related to the local density of states of the reactive 
regions in the third highest occupied molecular orbital, the parameter HOMO-2. This 
finding is the base for the development of a fundamentally new method for rational MIP 
design by opening the doors towards an easy to perform, fast and accurate screening 
tool for the selection of functional monomers in molecular imprinting. The possibilities 
of such a screening approach was proven in a first case study, when unknown functional 
monomers were screened using the developed LDOS method. The predictions of the 
suitability could be a hundred percent confirmed by experiments, which demonstrates 
the potential of such a screening tool. 
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For future applications, we plan to apply the methodology to other model systems trying 
to find some universal parameters and rules to transform it into a universally applicable 
screening tool. 
 
Methods and Local Density of States (LDOS) calculations 
LDOS calculations 
For calibration of the LDOS data analysis algorithm, experimental data from literature16 
from imprinting of 17β-estradiol (E2) with different functional monomers was used. In 
detail the functional monomers 2-(trifluormethyl)acrylic acid (TFMAA), methacrylic 
acid (MAA), N,N-diethylaminoethyl methacrylate (DEAEMA), 2-vinylpyridine (2VP), 4-
vinylpyridine (4VP), methacrylamide (MAAM), N-vinylpyrrolidone (NVP), 
acetoxystyrene (AST) and hydroxyethyl methacrylate (HEMA) (figure 1) were 
investigated as representatives of acidic, basic and neutral functional monomers.  
These functional monomers from literature were classified by their suitability for 
imprinting 17-β-estradiol according to the experimentally determined imprinting 
factors. Thereby, the monomers of the synthesized MIPs with an imprinting factor 
bigger than 1.2 were classified as suitable, the rest as unsuitable.  
 
Furthermore, 1-vinylimidazole (VIM), isobutyl methacrylate (IBMA), N-hydroxyethyl 
acrylamide (HEAA) and N-tert-butyl acrylamide (NTBA) were used as unknown 
functional monomers for suitability prediction and experimental proof (figure 1). 
For the LDOS calculations, all molecule geometries were optimized using the quantum 
chemistry software MOPAC2012.28 The LDOS for each molecule were then calculated 
using specifically developed software XXX (name) based on a Java language. This 
software automatically calculates the LDOS by externally running MOPAC2012, 
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visualizes the molecules by embedding the Jmol package29 and evaluates the data using 
self-programmed multivariate data analyses based on PCA and HCA. 
 
Chemicals 
For all the experiments, 17-β-estradiol (E2, ≥ 98 %), methacrylic acid (MAA, 99%), 1-
vinylimidazole (VIM, > 99%), isobutyl methacrylate (IBMA, 97 %), N-hydroxyethyl 
acrylamide (HEAA, 97 %), 2-hydroxyethyl methacrylate (HEMA, 97 %),  ethylene glycol 
dimethacrylate (EGDMA, 98 %) and 2,2’-azobis(2-methylpropionitril) (AIBN, ≥ 98 %), N-
tert-butylacrylamide (NTBA, 97 %), acetonitrile (HPLC grade), methanol (HPLC grade), 
acetone (technical grade) and glacial acetic acid (100 %) were used. MAA, VIM, HEAA, 
HEMA, IBMA and EGDMA were vacuum distilled prior to use to remove the inhibitor.  
 
MIP synthesis  
MIPs and NIPs (non-imprinted polymers, synthesis in absence of template) were 
synthesized for VIM, IBMA, HEAA and NTBA as well as for MAA and HEMA as control 
experiments. For comparison with the experimental data from literature, the synthesis 
protocol from literature was adapted and upscaled from the miniaturized level of a high 
throughput synthesis in a 96-well plate to a laboratory scale. For synthesis, 1 mmol of 
template, 6 mmol of functional monomer, 30 mmol of cross-linker and 0.36 mmol of the 
radical initiator 2,2′-azobis(2-methylpropionitril) (AIBN) were dissolved in 18 mL of 
porogen (acetonitrile) and degassed with argon for 5 minutes (table 2) .The mixture was 
then heated for 24 h at 50 °C. After polymerization, the obtained bulk of polymer was 
crushed, ground using an electrical mortar, wet-sieved with acetone using a 20 µm and a 
100 µm sieve to achieve a defined particle size range, sedimented various times to 
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remove fines and dried at 50 °C. The respective non-imprinted polymers were prepared 
following the previously described synthesis procedure but in absence of the template. 
 
Washing and binding studies 
For template extraction a constant flow setup using an ULEX extraction device30 coupled 
with a UV/vis-detector and a peristaltic pump was used. For washing, the sieved 
imprinted and non-imprinted polymer particles (MIP #1 to 6, NIP #1 to 6) with a size 
range between 20 and 100 μm were filled into the ULEX and washed with a mixture of 
methanol/acetic acid/water (70/30/30; v/v) at a flow rate of 1.5 mL/min until no more 
template was detected by the UV/vis-detector. 
For the rebinding studies, 1 mL of a E2-solution (0.5 mM) in ACN was added to samples 
of 2 mg washed polymer particles (MIP # 1 to 6, NIP # 1 to 6) and incubated for 20 
hours. After incubation, all samples were filtered and the template content of the 
supernatant determined by HPLC-measurements using a reversed phase C18 column 
and a mixture of acetonitrile/water of 70/30 (v/v) as mobile phase. 
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Detailed figure captions 
Figure 1: Overview of all considered molecules. 
This figure provides an overview of the investigated functional monomers (A-M) and the 
template E2 (N) with the atoms considered for the LDOS calculations highlighted. All 
carbon atoms are visualized grey, hydrogen atoms white, oxygen atoms red, nitrogen 
atoms blue and fluorine atoms green. 
 
Figure 2: Results of the performed LDOS calculations 
This image displays the results of the LDOS calculations. On top the calculated LDOS 
values for the HOMO-4 up to the LUMO+4 are plotted at their respective energy level 
resulting in in a characteristic “fingerprint” for each functional monomer. In the middle 
the results of the PCA with the two relevant parameters, LDOS HOMO-2 and LDOS 
LUMO+2 are shown. It is clearly visible, that only the parameter LDOS HOMO-2 is able to 
classify the functional monomers by their suitability to imprint E2 (middle left). 
Furthermore it is visible, that the parameter LDOS LUMO+2 is able to separate the 
monomers after their main non-covalent interaction (middle right). Thereby, the red 
squares represent the suitable and the green circles the suitable monomers as reported 
in literature. The blue triangles represent the predicted position of functional monomers 
 20
so far not used for imprinting E2 in the PCA. On the bottom the HCA results for the LDOS 
calculations are shown. 
 
Tables  
Functional monomer Imprinting factor Classification 
TFMAA 1.59 Suitable 
MAA 1.40 Suitable 
DEAEMA 1.38 Suitable 
MAAM 1.32 Suitable 
4VP 1.25 Suitable 
2VP 1.24 Suitable 
NVP 1.03 Not suitable 
AST 0.98 Not suitable 
HEMA 0.83 Not suitable 
Table 1: Imprinting factors of a series of functional monomers from literature16 and their 
classification into groups of suitable and not suitable functional monomers for imprinting 17-β-
estradiol. 
 
Name Functional monomer 
MIP 1 and NIP 1 Methacrylic acid (MAA) 
MIP 2 and NIP 2 Hydroxyethyl methacrylate (HEMA) 
MIP 3 and NIP 3 N-hydroxyethyl acrylamide (HEAA) 
MIP 4 and NIP 4 N-tert-butyl acrylamide (NTBA) 
MIP 5 and NIP 5 1-Vinylimidazole (VIM) 
MIP 6 and NIP 6 Isobutyl methacrylate (IBMA) 
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Table 2: List of the prepared imprinted and non-imprinted polymers and its respective functional 
monomers. 
 
Name Functional 
monomer 
Predicted 
suitability 
Experimental 
imprinting factor 
Obtained 
experimental 
suitability 
MIP/NIP 1 MAA suitable 1.25 suitable 
MIP/NIP 2 HEMA (un)-suitable* 1.49 suitable 
MIP/NIP 3 HEAA unsuitable 0.76 unsuitable 
MIP/NIP 4 NTBA unsuitable 0.92 unsuitable 
MIP/NIP 5 VIM suitable 1.29 suitable 
MIP/NIP 6 IBMA suitable 1.26 suitable 
Table 3: Overview about the predicted suitability, the experimentally determined imprinting 
factors and the related experimentally determined suitability of the new functional monomers for 
imprinting E2. * unsuitable in literature but suitable according to LDOS calculations. 
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ANNEX G – Strong, twist-stable carbon nan-
otube yarns and muscles by ten-
sion annealing at extreme tem-
peratures
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addition, the ITAP conferred remarkable long-term resistance 
to chlorosulfonic acid whose strong protonation ability caused 
pristine yarns to swell, disorder, and mechanically fail within 
minutes.
Various important means are now available for continu-
ously making CNT yarns by either liquid-state[13–15] or dry-state 
methods.[9,16–20] Yarns spun from spinnable nanotube forests 
have high mechanical strength, low impurity, good nanotube 
alignment, and novel structure flexibility,[7,9,21] which have been 
widely investigated for fiber devices.[1–8] Adding twist to these 
yarns can improve their strength[9] and enable them to work 
as high-strain conductors[10,22] and high-performance torsional 
and tensile artificial muscles.[1–3] Taking the CNT yarn artifi-
cial muscles for example, when infiltrated with electrolyte and 
electrochemically driven, these two-end tethered yarns could 
rotate a rotor at speeds exceeding 590 rpm, providing torsional 
strokes per yarn length of 125° mm−1.[1] Twisted yarns infil-
trated with volume-changing guests provided torsional speeds 
of up to 11 500 rpm.[2]
However, several problems still exist because of the weak 
interfacial connection between adjacent nanotubes within 
yarns.[23] First, twisted and coiled yarns snarl unless tension-
ally constrained. Second, single-ply twisted and single-ply 
coiled CNT yarn muscles must be torsionally tethered to pre-
vent irreversible untwist and need a nonactuating segment as 
a returning spring for torsional actuation.[1,2] Third, the twisted 
yarns are still several orders of magnitude lower in strength 
compared to individual nanotubes.[7] These problems have 
limited the practical applications of CNT yarns. Therefore, 
increasing mechanical bonding within the yarn structure is 
of great importance for both twist retention and mechanical 
strength.
While infiltration of CNT yarns with polymers provides a well-
known means to increase yarn strength, modulus, and tough-
ness,[8,24,25] such infiltration cannot be generically applied for 
CNT yarn muscles, since volume changes of electrolyte or guest 
within the yarn drive the actuation of the yarn muscle. An alter-
native approach is to covalently link adjacent nanotubes, such 
as by using radiation.[23,26,27] Irradiating carbon double-walled 
nanotube (DWNT) bundles (containing dozens of’ nanotubes) 
by an electron beam in an electron transmission microscope 
increased the tensile strength and elastic modulus of the indi-
vidual nanotube bundle by an order of magnitude, up to max-
imum values of 1.5–17.1 GPa and 103–693 GPa, respectively.[28] 
However, application of this approach to micrometers-thick 
CNT yarns is practically limited by the penetration length of 
Twist-spun carbon nanotube (CNT) yarns are of great interest 
for such diverse applications as artificial muscles,[1–3] superca-
pacitors,[4] batteries,[5,6] intelligent textiles, and structural com-
posites.[7,8] While inserted twist can generate new properties 
(e.g., torsional and tensile actuation[1–3]) and improve the prop-
erties such as strength and stretchability,[9,10] single-ply twisted 
or coiled neat CNT yarns will irreversibly untwist unless they 
are torsionally tethered.[11] This problem is particularly trouble-
some for twist-spun CNT yarn artificial muscles that provide 
torsional and tensile actuation.[1,2,12] It is also a key problem for 
twist retention during weaving CNT yarns.
We here provide an incandescent tension annealing process 
(ITAP) for stabilizing both twisted and coiled CNT yarns with 
respect to unwanted irreversible untwist, thereby avoiding the 
need to tether torsional artificial muscles, and increasing the 
mechanical loads that can be driven by these muscles. This 
ITAP involves thermally annealing twisted CNT yarns at a tem-
perature of about 2000 °C while these yarns are under tensile 
loads. Depending upon the density of the precursor yarn, the 
ITAP increased yarn modulus and yarn strength by factors of 
up to 12 and 2.6, respectively. While a nontethered pristine yarn 
immediately underwent irreversible untwist when strained 
by a freely rotating weight, a nontethered ITAP yarn could be 
reversibly actuated by cyclic vapor sorption/desorption to rotate 
a 6100 times heavier rotor by 52° per millimeter of muscle 
length, thereby achieving a peak rotation speed of 160 rpm. In 
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electron beams. Irradiation of CNT yarns by gamma rays in the 
air increased strength and modulus of CNT yarns possibly due 
to the formation of carboxyl-like groups between adjacent nano-
tubes, but the final tensile strength of these irradiated yarns 
was only about 850 MPa.[29] Fan and co-workers has importantly 
shown that thermally annealing twisted CNT yarns in vacuum 
for several hours at 2000 K, without significant applied stress, 
increased Young’s modulus from 37 to 74 GPa, but slightly 
decreased yarn strength (from 600 to 564 MPa).[19]
The presently described ITAP involved heating a vertically 
suspended, two-end-tethered carbon multiwalled nanotube 
(MWNT) yarn to about 2000 °C in vacuum by applying about 
2 × 104 A cm−2 current while tensile stress was applied by a 
weight attached at the yarn end (Figure 1a). The applied stress 
is normalized as a percent Φ of the room-temperature tensile 
strength of precursor yarns, σmax, and is designated by ITAP-Φ. 
The results of Figure S1 in the Supporting Information show 
that equivalent property improvement can be obtained by 
heating CNT yarns either thermally or electrothermally.
The used MWNT yarns were twist-spun from an about 
250-μm-high drawable nanotube forest that was synthesized by 
chemical vapor deposition.[9] Transmission electron microscopy 
(TEM) indicates that these MWNTs contain about nine graphitic 
walls and have a diameter of ≈13 nm (Figure S2, Supporting 
Information). By using either one or two tension bars near the 
tip of the spinning wedge (Figure S3, Supporting Information), 
increased tensile stress was applied to the spinning wedge, 
which increased the density of the as-spun yarns and thus ena-
bled investigation of the effects of yarn density on the mechan-
ical properties obtained by the ITAP. The experiment results 
described here showed that the major property improvements 
were realized within a few seconds and that application of 
ITAP for longer than 10 min degraded strength and modulus 
(Figure S4, Supporting Information). Thus, unless otherwise 
indicated, an annealing time of 2 min was employed.
Before the ITAP, the coiled pristine nanotube yarn untwisted 
to a very loose spring structure when attached to a 1-MPa freely 
rotating load (Figure 1b) or snarled to provide a torque balanced 
structure when the yarn ends were not tethered (Figure S5, 
Supporting Information). In contrast, the ITAP coiled yarns 
remained straight and negligibly untwisted upon release of 
tethering (Figure 1c). Similar results were observed for highly 
twisted yarns. These observations indicate that the ITAP stabi-
lizes the twisted and the coiled structures of CNT yarns.
The scanning electron microscope (SEM) images of 
Figure 1d,e show that the ITAP-40 decreased both yarn bias 
angle (α) and diameter (d). The results of Table S1 (Supporting 
Information) and the associated calculations (Supporting Infor-
mation) demonstrate that the bias angles for ITAP yarns were 
accurately predicted from the bias angles for pristine yarns and 
the relative diameters of pristine and ITAP yarns by using the 
equation α = tan−1 (πdT), where T is the inserted twist per yarn 
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Figure 1. a) Setup for applying ITAP to MWNT yarns. SEM images of the effects of an applied freely rotating load on b) a nontethered, non-ITAP 
coiled yarn and c) a nontethered, coiled ITAP yarn, showing that the ITAP stabilizes the coiled yarn with respect to untwisting. d,e) SEM images and 
f,g) cross-sectional SEM images (areas near the midpoint of yarn radius) of a twist-spun pristine yarn having an initial density of 0.5 g cm−3 d,f) before 
and e,g) after ITAP-40, indicating the density increase by the ITAP.
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length. High-magnification SEM images show the increase 
of nanotube alignment and nanotube bundle size induced by 
the ITAP-40 (Figure S6, Supporting Information). The cross-
sectional SEM images (Figure 1f,g) provided a comprehensive 
observation of the decrease in yarn porosity resulted from the 
ITAP-40. The percentage of the void area measured from the 
cross-sectional images decreased from about 30% to about 15%, 
corresponding to the increase in average yarn density from 0.5 to 
0.93 g cm−3. Consistent results were observed when applying the 
ITAP-40 to pristine yarns having a higher density of 1.08 g cm−3 
(Figure S7, Supporting Information). Annealing with tension 
did not cause obvious morphological changes of the CNT yarns 
but led to a slight decrease in yarn density, possibly because of 
carbon evaporation (Figure S7, Supporting Information).
Raman spectroscopy shows that the intensity ratio of 
the graphite-structure-derived G-band to the defect-derived 
D-band (G/D) increased with increasing annealing time 
(Figure S8, Supporting Information). However, the G/D ratio 
only increased from 1.1 to 1.3 after applying the ITAP-30 for 
10 min, and this or shorter annealing time provided ITAP yarns 
with optimal mechanical properties (Figure S4, Supporting 
Information). Similarly, X-ray photoelectron spectroscopy 
(Figure S9, Supporting Information) and X-ray diffraction 
(Figure S10, Supporting Information) demonstrated only a 
slight structure change after applying the ITAP-40 for 2 min. 
TEM images show that the ITAP well maintained the tubular 
structures of CNTs (Figure S11, Supporting Information).
The effects of the mechanical stress applied during ITAP on 
the mechanical properties of twisted MWNT yarns are shown in 
Figure 2a. The pristine MWNT yarn (density: 1.08 g cm−3) has 
a specific strength (gravimetric strength) of 0.85 N tex−1 and a 
specific modulus (gravimetric Young’s modulus) of 43.2 N tex−1. 
Annealing this yarn at 2000 °C without applying stress caused 
a 10% decrease in strength and a 27% increase in modulus 
(Figure 2a), which is consistent with the previous results.[19] 
However, when a tensile stress of over 20% of σmax was applied, 
the ITAP yarns showed higher strength and modulus than the 
pristine yarn, and the strength and modulus increased with 
increasing the applied stress (Figure 2a). At the highest applied 
stress (40% of σmax), the ITAP-40 increased specific strength, 
specific modulus, and density by factors of 1.65, 3, and 1.88, 
respectively. Nevertheless, stress applied at room temperature 
was not effective in significantly improving mechanical prop-
erties (Figure S12, Supporting Information). Thus, the combi-
nation of stress and high-temperature annealing is essential 
for improving the mechanical properties of MWNT yarns, 
wherein the applied stress can help align nanotubes and apply 
lateral compression to draw nanotubes into close proximity 
to participate in high-temperature-enhanced inter-nanotube 
connections.[19]
The results in Figure 2b,c show that tensile strength 
and modulus (and specific strength and specific modulus) 
substantially increased after ITAP-40 for all investigated pre-
cursor yarn densities. The highest-density precursor yarns 
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Figure 2. Mechanical properties of twisted pristine and ITAP yarns. a) Comparison of the specific strength and specific modulus of a pristine yarn 
(1.08 g cm−3 in density) and that for corresponding ITAP yarns annealed under different applied stresses, where the applied stress during ITAP (σ), 
is normalized to the fracture strength of the pristine yarn (σmax). b) Tensile strength and Young’s modulus as a function of density for pristine and 
ITAP-40 yarns. The arrows in panels (b) and (c) connect the mechanical property before ITAP to the corresponding mechanical property after ITAP. 
c) Specific strength and specific modulus as a function of density for pristine and ITAP-40 yarns. Arrows point from pristine yarn to ITAP yarn results. 
d) Comparison of specific static torque generated in pristine yarn, τ(pristine), and in the ITAP-30 yarn, τ(ITAP), as a result of applying a tensile stress. 
The error bars are for one standard derivation, based on 5 or 7 measurements.
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(170 GPa), specific strength (1.6 N tex−1), and specific modulus 
(137 N tex−1) for the ITAP-40 yarns. However, the lowest-density 
precursor yarn (0.49 g cm−3) underwent the highest increase 
in strength (2.58-fold) and modulus (12.0-fold) and in specific 
strength (1.4-fold) and specific modulus (6.4-fold). Density 
increase was observed for the pristine yarns having densities 
of 0.49, 0.82, and 1.08 g cm−3 after ITAP-40 (Figure 2b,c). Since 
their density is already ≈80% the maximum theoretical yarn 
density (Supporting Information), the highest-density yarns 
showed a very small density change after ITAP-40. Increasing 
the gauge length used above from 6 to 25.4 mm resulted in an 
almost identical mechanical strength (Figure S13, Supporting 
Information).
What is the origin of this increase in mechanical properties 
as a result of the ITAP? Long-term, high-temperature annealing 
can remove impurities and heal defects on CNTs,[30,31] thus 
improving their mechanical properties.[32] However, applica-
tion of ITAP-30 at ≈2000 °C for 10 s significantly improved the 
strengths and moduli of MWNT yarns (Figure S4, Supporting 
Information), but did not much improve their graphitiza-
tion (Figure S8, Supporting Information), indicating that the 
mechanical property enhancements can be mainly attributed 
to enhanced inter-nanotube connections rather than nanotube 
graphitization. In addition to improving the strength and mod-
ulus by increasing yarn density, the ITAP increased specific 
strength and specific modulus compared to the pristine yarns 
having the same density (Figure 2b,c). Based on the following 
experiment and simulation results, we attribute these increases 
in specific strength and specific modulus to inter-nanotube 
cross-links.
The torque needed to prevent untwist is near zero for the 
ITAP-40 yarn (Figure 2d), since the torque generated by yarn 
untwist is balanced by the ITAP-generated inter-nanotube con-
nections. This explains the stability of ITAP yarns with respect 
to untwist and snarling. When tensile stress is applied to the 
ITAP yarns, this force balance is eliminated, so an external 
torque must be applied to prevent yarn untwist. Figure 2d 
shows the static torque needed to counter yarn untwist as a 
function of applied tensile stress for the pristine yarn and the 
ITAP-30 yarn (Supporting Information), both of which had 
33 μm diameter and 36° bias angle. For the lowest applied ten-
sile stress (13 MPa), the torque needed to prevent untwist was 
≈10 times lower for the ITAP yarn than for the pristine twisted 
yarn. Although increasing the tensile stress led to the torque 
increase for both yarns, the torque for the ITAP yarn was still 
only ≈50% of that for the pristine yarn.
When the applied tensile stress is torsionally unconstrained, 
pristine yarns untwists many more turns than ITAP yarns. For 
example, a 2-gram freely rotating load caused considerable 
untwist to a 20-μm diameter pristine twisted yarn but negli-
gible untwist for the corresponding ITAP-30 yarn (Movie S1, 
Supporting Information). Increasing the load to 5 grams caused 
both of the yarns to untwist, but the pristine yarn untwisted 
seven times the turns the ITAP-30 yarn did. After removing 
the load, the ITAP-30 yarn fully retwisted back while the pris-
tine yarn only retwisted 16% of its untwist turns. These com-
parison results indicate that the ITAP-generated inter-nanotube 
connections provided a returning spring, which enabled the 
ITAP yarns a high reversibility of untwisting/twisting within 
a proper load range. This property is of great importance for 
solving the unwanted untwist problem for torsional actuators. 
Further increasing this load to 10 gram led to the fracture of 
the ITAP-30 yarn after untwisting about 12% of the inserted 
twist. In contrast, the pristine yarn stopped untwisting without 
yarn breakage after rotating 60% of the inserted twist. The 
SEM images in Figure S14 (Supporting Information) show that 
untwist-induced cracks were uniformly distributed along the 
axis of the pristine yarn (Figure S14a, Supporting Information) 
but occurred only in the vicinity of yarn rupture for the ITAP-30 
yarn (Figure S14b, Supporting Information).
Additional support for the possibility of inter-nanotube cross-
links is provided by the following observations that the ITAP 
yarns have long-term structural and mechanical stability in 
chlorosulfonic acid (Figure 3), whose strong protonation ability 
ordinarily debundles carbon single wall nanotubes and MWNTs 
and causes CNT structures to swell and then disintegrate.[33,34] 
Upon immersion in chlorosulfonic acid for 4–5 min, the pris-
tine twisted yarn swelled, untwisted, and became disordered 
(Figure 3a,c,e), which led to a tenfold decrease in yarn strength 
and a 5.8-fold decrease in modulus (measured after removal 
of the acid, Figure 3f). In contrast, an ITAP-25 yarn remained 
aligned and densely packed, did not swell, and retained 82% 
of its modulus and 90% of its strength after immersion in 
chlorosulfonic acid for 4–5 min (Figure 3a,b,d,f). These results 
suggest that ITAP-induced cross-linking prohibited the chloro-
sulfonic acid from substantially penetrating and expanding the 
ITAP yarns.
The ITAP yarns also showed increased resistance to oxida-
tion in the air compared to pristine yarns. Annealing in air at 
500 °C for 10 min decreased the strength of a pristine yarn by 
about 38%. In contrast, the corresponding ITAP-40 yarn sur-
vived in this oxidation process without undergoing a significant 
decrease in strength (Figure S15, Supporting Information). 
This increase in oxidative stability is apparently not due to a 
density increase during the ITAP since the pristine yarn and 
the ITAP-40 yarn had similar densities (1.25 g cm−3).
Unless a torsional return spring is provided, previously 
described single-ply, twist-spun or coiled CNT yarns cannot be 
used as a reversible torsional artificial muscle.[1–3] The solution 
used was to two-end torsionally tether the yarn and to actuate 
only half of its length so that the nonactuated length functioned 
as a torsional return spring.[1] However, the disadvantage of 
this approach is that it decreases the yarn length that contrib-
utes to actuation, and thereby makes the resulting torsional 
motors unnecessarily long. Instead of using single-ply coiled 
yarn, Peng and co-workers utilized a helical thread prepared 
by coiling multiplied straight CNT yarns, which were rela-
tively stable and showed reversible actuation of rotating a light-
weight rotor attached at the thread end when driven by solvent 
infiltration.[3] While solid guests in previously described hybrid 
muscles could act as internal torsional return springs to enable 
reversible actuation, this restricts the type of yarn guest that 
can be used, thereby eliminating the possibility of using fully 
actuated, nontethered, single-ply yarns as intelligent actuating 
sensors that can open and close valves in response to vapors, 
liquids, and liquid-delivered biological materials. For these rea-
sons, previously described tensile muscles for controlling valves 
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in response to a liquid composition or harvesting electrical 
energy by using liquid waste streams having different composi-
tions were two-end tethered to prevent torsional rotation.[12]
We show here that fast, reversible torsional and tensile 
actuation of guest-free ITAP yarns can be simultaneously real-
ized in response to the absorption and desorption of organic 
vapors, such as acetone and ethanol (Supporting Informa-
tion). No external torsional tethering or external return spring 
was needed, since ITAP-produced inter-nanotube connections 
acted as internal springs. The actuator simply comprises a one-
end-supported, coiled, single-ply ITAP yarn muscle that has 
attached on its opposite end a heavy rotor (Figure 4a). Vapor 
absorption induced yarn volume expansion and caused the 
coiled ITAP yarn to untwist and contract in length, while vapor 
desorption made the yarn retwist and increase in length due 
to the internal spring. In contrast, pristine coiled yarns irre-
versibly untwisted when in the same configuration (Movie S2, 
Supporting Information).
When exposed to acetone vapor, a 24-mm-long, 100-μm-thick 
coiled ITAP yarn reversibly rotated a 6100 times heavier rotor 
by 630° (corresponding to a rotation of 26° per millimeter of 
muscle length). The maximum rotational speed of the rotor 
was 44 rpm, and the muscle lifted a weight corresponding to 
a 2.9 MPa load by about 0.7% of the yarn length (Figure S16, 
Supporting Information). The torsional angle oscillations in 
Figure 4a were due to the cyclic interconversion of the kinetic 
energy of the rotating rotor to the strain energy of rotor rotation 
as the rotors kinetic energy was progressively damped. These 
oscillations in torsional actuation were eliminated by operating 
the muscle at near torsional resonance by using a vapor on/off 
cycle frequency of 0.18 Hz (Movie S3, Supporting Information). 
Such resonant operation increased torsional actuator stroke and 
maximum rotor speed by factors of 2.6 and 3.5, respectively (to 
52° mm−1 and 160 rpm, respectively). It also caused a phase shift 
of about 1/4 period between the curves for the time dependence 
of torsional and tensile strokes (Figure 4b), which provided near 
coincidence of the peaks in rotor speed and tensile stroke.
Reflecting the mechanical robustness of the coiled ITAP 
yarn to irreversible yarn untwist, reversible torsional and 
tensile actuation was obtained even when high-weight tor-
sional rotors were deployed. While increasing yarn stress 
from 2.9 to 13.5 MPa (corresponding to 28 396 times the 
muscle weight) by increasing rotor weight did not dramati-
cally change torsional actuation stroke (Figure 4c), the cor-
responding increase of moment of inertia for the rotor 
(from 8.0 × 10−9 to 4.8 × 10−7 kg m2) decreased maximum 
rotation speed from 155 to 51 rpm (Figure 4d). Analysis of the 
results in Figure 4c provides the stress dependency for actua-
tion as shown in Figure 4d, where the specific torque generated 
by actuation was derived from rotor moment of inertia and rotor 
acceleration during vapor-powered forward actuation.[1] Inde-
pendent of the stress applied by the rotor, the maximum speed 
obtained during yarn twist and untwist were nearly identical. 
Even though the achieved torsional speeds are smaller than that 
for previously reported CNT yarn actuators,[1–3] the obtained 
maximum torque (4.12 N m per kilogram of the yarn mass) 
of the ITAP yarn was several times the torque of electrochemi-
cally and absorption driven CNT muscles,[1,3,35] 50 times the 
torque generated by the moisture-driven graphene-yarn tor-
sional actuator,[36] and comparable to the static torque of the 
Adv. Mater. 2016,  
DOI: 10.1002/adma.201600628
www.advmat.de
www.MaterialsViews.com
Figure 3. a) Photograph of pristine twisted yarn and thereby derived ITAP-30 yarn after 5 min immersion in chlorosulphonic acid and b,c) low-resolution 
and d,e) high-resolution SEM images of b,d) chlorosulfonic acid-treated ITAP-30 twisted yarn and c,e) pristine twisted yarns after 4 min immersion 
in this acid and subsequent drying. f) Comparison of strength–strain curves for the pristine and ITAP-25 yarns before and after immersion in chloro-
sulfonic acid for 5 min and subsequent removal of this chlorosulfonic acid from the yarns. This removal of the acid was accomplished by sequential 
washing of the fiber in ice water and ethanol, and then evaporation of the ethanol in air at 100 °C.
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electrothermally driven wax-filled CNT muscles.[2] Moreover, 
such ITAP yarns showed highly reversible torsional actuation 
(Figure S17, Supporting Information).
Previous experimental and simulation results have demon-
strated that nanocarbons such as CNTs, amorphous carbon, 
and graphene can undergo covalent bond reconfiguration at 
high temperatures.[37–40] These covalent structure changes, such 
as inter-nanotube covalent bonding, nanotube coalescence, and 
formation of graphitic nanoribbons, can be facilitated by the 
presence of amorphous carbon and defects in the carbon side-
walls.[41,42] Since even a very low concentration of cross-links 
between nanotubes could profoundly influence properties and 
the yarn structure is very complex, direct experimental observa-
tion of inter-nanotube covalent bonding was not presently pos-
sible (Figure S11, Supporting Information). Hence, we conducted 
molecular dynamics simulations using the large-scale atomic/
molecular massively parallel simulator (LAMMPS) code to gain 
insight into the nature of cross-links possibly formed during 
the ITAP (Supporting Information).[43] The investigated model 
structure consisted of 5-nm-long, 8.8-nm-thick DWNTs having 
chiral indices of (65, 65) and (60, 60) for the outer shells and 
inner shells, respectively (Figure S18a, Supporting Information). 
Random vacancy defects generated by removing 5% of the atoms 
at the outermost nanotube shells were introduced to approach 
the real case for our relatively defective MWNT yarns and facili-
tate fast reaction kinetics. By applying periodical boundary condi-
tions, these DWNTs were hexagonally packed at van der Waals 
separations during the initial 300 K phase of the calculations.
When treated in a vacuum at 2500 K for about 50 ps followed 
by gradual cooling to 300 K, these DWNTs were covalently 
bonded through interstitial carbon atoms (Figure S18b, 
Supporting Information). Hybridization types of sp, sp2, and 
sp3 were observed for these interstitial atoms and the types 
of connection bonds include sp2–sp, sp2–sp2, and sp2–sp3, 
which is consistent with the literature results.[44] The details 
of the bonding structures were shown in Figure S18b in the 
Supporting Information. Since amorphous carbon and defects 
on CNTs can have similar bond structures, it is difficult to spec-
troscopically identify cross-links. However, it is noteworthy that 
the Raman spectra of the ITAP-30 yarn annealed for 2 h showed 
a much lower G/D intensity ratio than the yarn annealed for 
the same time, but without applying a load.
We have shown that the fast, commercially applicable ITAP 
provides remarkable improvements in the properties of twist-
spun and coiled CNT yarns. These improvements include major 
increases in yarn strength and modulus, increases in oxidative 
stability, and stability to an acid that powerfully protonates yarns 
and makes them unusable, and the setting of inserted twist for 
various applications. Since twist retention during nanotube 
yarn weaving is extremely important, especially for the warp 
yarns that are highly strained during weaving, this twist setting 
can be important for the commercial production of nanotube 
textiles for energy storage, harvesting and conversion, sensing, 
and actuation. This twist retention enables the first single-ply, 
guest-free, CNT yarns that can serve as reversible tensile and 
torsional muscles without the need for external return springs 
that degrade performance metrics.
Experimental Section
Incandescent Tension Annealing Process: The ITAP was conducted at 
5.5 × 10−6 bar within a vertically placed cylindrical tube. An approximately 
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Figure 4. a) Weight rotation in degrees (normalized to yarn length) versus time for a one-end-tethered, coiled ITAP yarn (inset, with 24 mm length 
and 100 μm yarn diameter) when driven by acetone vapor absorption/desorption. The weight provides a 2.9 MPa stress on the yarn. b) Weight rota-
tion (black), rotation speed (red) and tensile actuation (blue) versus time for the ITAP yarn when excited by a vapor on/off cycle frequency of 0.18 Hz. 
c) Resonant torsional rotation stroke versus time when different weight rotors were deployed, which provided the indicated stresses. d) Maximum 
rotation speed, the ratio of maximum untwisting and twisting speed, and specific torque versus weight-induced tensile stress extracted from the data 
in panel (c) for the coiled ITAP yarn.
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20-cm-long twist-spun MWNT yarn was wrapped around two 500 μm 
diameter molybdenum electrodes and an electrical current was applied 
through these electrodes to heat the yarn (or an assembly of parallel 
yarns) to ≈2000 °C. Before incandescently heating the yarns, a small 
current was applied to remove the oxygen absorbed on the MWNTs. 
For precursor yarns having a diameter smaller than 20 μm, precise 
measurement of the electrothermally achieved temperature was difficult. 
To accomplish this, we measured temperature spectroscopically based 
on black body radiation and used measurements of resistance as a 
function of temperature to calibrate the spectroscopically determined 
temperature. We applied tensile stress by hanging various size weights 
on the MWNT yarns through the bottom molybdenum hook electrode 
during high-temperature annealing. The maximum applied stress was 
about 40% of the fracture strength of the twisted pristine MWNT yarns. 
Application of higher stresses led to yarn rupture, likely because the 
strength of the pristine yarn at high temperatures was below its room-
temperature strength. For the coiled yarns used for actuators, the stress 
applied during ITAP was sufficient to avoid yarn from snarling. Reported 
stresses are normalized with respect to the unstrained diameter of the 
twist-inserted, noncoiled yarn. Unless otherwise mentioned, the twisted 
and the coiled MWNT yarns were annealed for 2 min at ≈2000 °C. After 
the current interruption at the end of annealing, the yarns rapidly cooled 
to room temperature in vacuum.
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ANNEX H – Modified Genetic Algorithm Ap-
plied to the Protein Folding
Problem
Modified Genetic Algorithm with Maternal Effect Operator Applied to The Problem
of Protein Folding in HP Lattice Model
Francisco A. Moura and Douglas S. Galvao
(Dated: March 22, 2016)
Genetic algorithms have been in use for a long time on the problem of protein folded structure
prediction. A new operator, suited to the case of hard problems with multiple solutions, has been
proposed based on the biologically occurring maternal effect. Presented here is both an analysis and
application of this operator to the aforementioned protein folding problem, where a result better
than current well established literature was obtained for the energy minimum of one of the test
cases.
I. INTRODUCTION
A genetic algorithm is a stochastic method of finding
optimal solutions to computationally hard problems by
mimicking the process of natural selection. The ”organ-
isms” are the candidate solutions to the problem, and
the environment and selective pressure is the test of the
quality of the solution to the specific problem being ad-
dressed. The best solutions get to live and be mixed
together to form the next generation of solution candi-
dates, the bad ones are excluded from the population.
In this manner, complicated landscapes of possible solu-
tions can be analyzed without prior knowledge of maxima
and minima, and without examining all the possible so-
lutions. Over the years, they have been used in many
different areas of physics with much success[1–3].
The Standard Genetic Algorithm (SGA) is composed
of the three operators: selection, crossover and mutation.
It is a method for optimization of solutions based on a
model of a population of sexually reproductive individu-
als [4, 5]. Work has been done in improving the SGA in
various ways to achieve better results [6–8], be it in speed
of convergence or exploration of the space of solutions.
In this context, the consequences of adding the maternal
effect operator is not immediately clear, and this work
aims to provide evidence that an extension of the nega-
tive maternal effect as proposed by Wilkes[9] to the SGA
is beneficial in some categories of hard fitness landscapes.
The maternal effect (ME) operator is inspired on the
biological occurring maternal effect where the phenotype
of an individual is influenced by the genotype of the
mother as well as its own [10]. It has been proposed on
the literature applied to a quasi-species model where re-
production happens asexually by replication of the DNA
with a certain chance of mutation on each gene replica-
tion, and shown to cause a delay in convergence of the
algorithm[9].
Proteins are among the most important biological
molecules, and are responsible for the majority of physi-
ological functions on living organisms. All proteins have
well defined functions that range from DNA and RNA
synthesis to catalysts of reactions or immune responses.
Despite this diversity, all proteins are constructed of
smaller fundamental units called amino acids. Each
amino acid have different properties, of which the most
important property is the hidrophobicity. [11]
Under normal physiological conditions, a protein will
fold into a specific spacial tridimensional configuration
known as the native conformation to be able to perform
its function. The protein folding problem lies in deter-
mining a protein’s native conformation based solely on
its sequence of amino acids. There is an infinity of pos-
sible configurations for a protein chain, however, known
proteins tend to fold back to their original conformations
even if artificially unfolded [12]. The seminal work in
this problem was done by Anfinsen, in which it is stated
that the native conformation of a protein is determined
uniquely by its amino acid sequence, and this confor-
mation is a minimum of free energy[13]. This came to
be known as the thermodynamic hypothesis. The exact
mechanisms by which the folding process takes place has
not been clarified and attracts the attention of diverse
areas of knowledge as physics, biology, mathematics and
computer science. The problem is summarized in the fa-
mous Levinthal paradox [14]: if a protein would find its
native conformation by random sampling of the confor-
mational space it would take more than 1050 years, how-
ever, experimentally, protein folding happens in times
many order of magnitudes lower than that.
In the present study we examined the problem focusing
on prediction of the final structure of arbitrary proteins
rather than the process by which it folds by using a mod-
ified GA with ME applied to a HP cubic lattice model
[11, 15].
II. METHODOLOGY
To evaluate in a simple way the effectiveness of the ME,
a genetic algorithm was used with individuals defined by
a binary codification of 16 bits, roulette selection, single
point crossover, population size of 50 individuals and a
variable mutation rate. The number of individuals was
kept small in comparison to the possible number of differ-
ent individuals to better avoid the possibility of success
by the algorithm on pure chance. The algorithm start by
creating a random population of possible solutions, rep-
resented for simplicity as integral numbers in the range
[0, 216[, 25 individuals are randomly chosen with prob-
abilities proportional to their fitness and crossbred, the
2mutation operator is applied on every bit of the chil-
dren thus generated to create another 50 individuals that
compose the population for the next step, the algorithm
stops when it reaches the maximum of 100 generations or
achieve success in finding the desired individuals to each
case.
The maternal effect is inserted in the calculation of the
fitness value of a given individual, first the fitness is cal-
culated based on the individuals genotype, then divided
by the square of the mothers genotype fitness, where we
labeled the mother as the parent with the highest fitness
value from the two that generated the child.
Different fitness landscapes for the integers on the
range of individuals were used in order to exemplify the
cases better suited to the application of the maternal ef-
fect operation, as well as various mutation rates, to show
the difference between introducing new information (mu-
tation) and retaining existing, working information that
was already in the population (maternal effect).
For the protein folding itself, the following GA opera-
tors were used: roulette selection, single point crossover,
and mutation chance applied to each allele in the chro-
mosome. The initial population was generated at ran-
dom and enough crossovers were done to generate the
same number of individuals to the next generation and
so forth. Two non-canonical operators were added to the
algorithm to avoid rapid convergence, preserving genetic
variability through generations. These operators were
the Sharing operator [16] and the ME operator [9].
Both operators act on the fitness value of individuals,
the sharing operator lowers the fitness of individuals who
have many similar ones in the population, and the mater-
nal effect takes into account the fitness of the individuals
who generated it to adjust it’s fitness. The sharing oper-
ator is expressed by the following Equation 1
Fitness′(i) =
Fitness(i)∑Nind
j=1 share(i, j)
(1)
Where Fitness(i) is the original fitness value of the in-
dividual, Fitness′(i) and the summation is over every
individual in the population. The function share(i, j)
is defined as the number of identical genes between two
individuals i and j. This procedure is done to all indi-
viduals in each generation taking into account all pairs
of individuals. The maternal effect operator is the same
defined previously, also preserving genetic variability by
not discarding immediately the “bad” solutions.
A. HP cubic lattice model
In this reduced model we consider each amino acid
to occupy one spot in a cubic lattice, and we assume
the driving force of the folding process is the interac-
tion between hydrophobic (H) and hydrophilic/polar (P)
amino acids with the solvent, neglecting all other inter-
actions, which is is agreement of experimental evidence
that globular proteins tend to arrange themselves with a
hydrophobic core surrounded by a polar outer shell. We
rank the solutions by counting the number of hydropho-
bic amino acids that are within unitary distance in the
lattice, and consider that each of these contact lowers
the free energy of the conformation by 1 in an arbitrary
unit. It is a widely used model to test the strength of
an algorithm in finding folding conformations since it is
still a NP-complete problem as stated, with lots of local
minima separated by potential barriers, posing a hard
problem to other optimization techniques [17].
Each protein in this model is coded as a sequence of
H and P, one for each amino acid, and each individual
is coded as a sequence of the same size of genes that are
integers in the range [0,5]. Each of these numbers rep-
resents a direction to follow the chain to the next amino
acid, meaning a step of size 1 along one of the 3D coordi-
nate axes. These chromosomes (the full chain of genes)
are the ones used as coding for the genetic algorithm. Ta-
ble I shows the test protein sequences used in the study.
Some test sequences were designed to challenge the al-
gorithm and others taken from the literature where they
were largely used [18–20] to benchmark the algorithm
efficiency.
TABLE I. Amino acid sequence for the test proteins on the
HP cubic lattice model, named by their length.
Protein Sequence
P8 HPHHPHHH
P12 HHPHPHHPHPHH
P19 HPPHPHHHHHPHPHHPHPH
P27.a PHPHPHHHPPHPHPPPPPPPPPPPHHP
P27.b PHHPPPPPPPPPPHHPPHHPPHPPHPH
P27.c HHHHPPPPPHPPPPHHHPPPPPPPPPH
P27.d HHHPPHHHHPPPHPHPPHHPPHPPPHH
P27.e HHHHPPPPHPHHPPPHHPPPPPPPPPP
P27.f HPPPPPPHPHHHPPHHPPPHPPPPHPH
P27.g HPPHPHHPPPHPPPPPHPHHPHPHPHH
P27.h PPPPPPPHHHPPPHPHHPPPHPPHPPP
P27.i PPPPPHHPHPHPHPHPPHHPHHPHPPP
P27.j HPPPPHHHHPPHPHPHHHPHPPHHPPH
III. RESULTS
Starting with a general, simple one peak fitness land-
scape where the fitness of the individuals varies linearly
from 1 to 100 starting at the individual represented by 0
and ending on 65535, 100 runs were done for each value
of the mutation probability listed on Table II. A run
of the algorithm is considered successful if it encounters,
in any generation before stopping, the individual at the
peak of the fitness landscape.
In this case, the maternal effect is practically irrelevant
to the success of the algorithm, also with the disadvan-
tage of slowing down the convergence to the peak, causing
a rising in the number of generations the algorithm took
to arrive at the solution. Assuming a mutation rate of
3TABLE II. Percentage of successful runs for the simple fitness
landscape with a single peak on the cases with maternal effect
and without it.
Success %
Mutation With ME Without ME
0.0 7 9
0.02 80 77
0.04 72 70
0.06 64 61
0.08 59 57
0.1 49 50
0.2 38 36
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FIG. 1. Fitness landscape with two identical peaks separated
by a valley.
0.02, where in both cases the best overall performance
was observed, and taking the average of the number of
generations necessary to generate the solution we get an
average of 6 generations without maternal effect and 8
with it.
The next fitness landscape on which the same proce-
dure was applied is still a simple one, with a more in-
teresting feature of having two distinct and equal peaks
of fitness valued 100.0, one at the individual 0 and the
other at 65535, with the intermediate varying linearly to
a valley of fitness 1 exactly on the middle individual of
32768, as shown on Fig. 1.
As with the first fitness landscape the algorithm was
run 100 times with and without the maternal effect, and
the successful runs were the ones which find both indi-
viduals on the two identical peaks before reaching the
stopping condition, arriving at the results shown at Ta-
ble III.
In this case the maternal effect is already having an
influence in the rate of success of the algorithm, while the
SGA peaks at 58% of success, the algorithm with the new
operator achieves 82% of success on the best case. What
usually happens in the SGA is that, by chance, one of the
better adapted individuals at one of the peaks dominate
the population, since the peaks have completely opposed
TABLE III. Percentage of successful runs for the fitness land-
scape with two peaks on the cases with maternal effect and
without it.
Success %
Mutation With ME Without ME
0.0 1 1
0.02 58 82
0.04 52 78
0.06 58 63
0.08 53 62
0.1 47 56
0.2 40 51
genotypes (one is composed of entirely zero bits, while the
other of entirely one) the whole population converges to
the neighborhood of the selected peak, staying geneticaly
far from the rejected peak and causing the algorithm to
fail to identify both peaks in a single run.
A better understanding of why this happens is achieved
when looking at the time evolution of the population and
the effect of the operator in delaying the convergence of
the algorithm. For such purpose the probability that
the maximum fitness individuals are generated by the
algorithm in a given generation was calculated.
Define a crossing as the selection of two individuals,
followed by the choice of a crossover point, so each cross-
ing has a probability Px of happening given by Eq. (2):
Px =
FpFm
F 2TT
. (2)
Fp, Fm, FT , T are respectively, the father fitness, the
mother fitness, the total fitness of the population and
chromosome size. This crossing generates 2 children, and
each child, by mutation, has a chance Pf of becoming the
target individual of maximum fitness, and this chance
depends on the Hamming distance between them as Eq.
(3):
Pf = M
H(1−M)T−H . (3)
H is the Hamming distance, M the mutation rate.
Joining both equations and adding up all possible cross-
ings of all individuals of the population, we get Pm, the
probability that in a random crossing we obtain the tar-
get individual, and taking into account that the number
of crossings on each generation is N/2 (N the number of
individuals in the population) we get Pg, the total prob-
ability that in a generation one or more individuals are
equal to the target individual, as shown in Eqs. (4) and
(5).
Pm =
∑
Px(Pf1 + Pf2 − Pf1.Pf2), (4)
Pg = 1− (1− Pm)N/2. (5)
4TABLE IV. Results for the genetic algorithm applied to the 3D lattice model test sequences.
Sequence Best solution E % Evaluations
P8 0 2 5 3 1 2 4 -4 100 79221
P12 0 2 1 1 3 5 2 0 0 3 1 -7 96 47128
P19 0 0 2 1 2 4 1 4 3 5 3 0 4 2 5 0 4 2 1 -12 76 15040
P27.a 0 2 5 5 3 4 0 3 4 2 2 5 0 0 2 5 5 3 1 5 3 4 1 4 2 0 -9 60 48056
P27.b 0 0 2 1 5 1 3 5 0 0 3 4 4 1 1 4 0 2 2 0 3 0 3 1 3 5 -10 48 41732
P27.c 0 2 1 2 2 4 0 3 3 0 4 3 1 5 1 2 1 1 1 1 2 0 0 0 5 3 -8 68 53180
P27.d 0 2 0 5 1 3 1 3 0 5 2 1 2 4 2 4 3 1 2 5 3 1 3 4 0 5 -15 46 234413
P27.e 0 2 1 1 2 5 0 3 1 3 0 5 2 0 4 3 0 2 4 2 2 5 1 2 5 0 -8 46 19396
P27.f 0 2 1 1 5 3 4 1 4 0 0 4 3 5 1 3 5 0 2 5 5 1 4 4 1 4 -12* 14 211174
P27.g 0 2 1 2 5 3 5 2 1 4 1 4 0 4 3 5 1 3 0 3 5 1 2 2 0 3 -13 34 75437
P27.h 0 0 2 4 4 1 1 5 3 0 2 2 1 5 2 2 2 5 3 3 0 4 3 3 1 1 -4 94 10828
P27.i 0 2 0 0 2 1 5 5 2 2 5 3 1 3 4 2 1 3 4 0 4 2 5 2 1 5 -7 86 55050
P27.j 0 2 2 0 0 2 0 3 4 1 1 3 5 0 5 3 4 0 4 1 2 0 5 5 0 5 -11 100 40621
P27.k 0 2 1 5 3 1 4 1 1 5 0 5 0 3 4 1 1 4 0 4 0 5 0 0 5 1 -16 26 149118
* Result better then the one found in the current literature which was -11 for P27.f
In Fig. 2 a graphic is shown of the time evolution of
this probability during a sample run of the algorithm for
the first 40 generations, on both cases with a mutation
rate of 0.2 which was the value when both versions of the
algorithm achieved the highest degree of success. The
graphic shows the that in a few generations the SGA
converges to a single peak, and the probability of gener-
ation of the individual on the other peak falls drastically
to near zero, while on the case with the applied mater-
nal effect, both peaks oscillate for a longer period before
the population is dominated by the genotype of a single
peak.
For the algorithm to be applied to protein folding on
the lattice model we needed a better fitness function than
the energy value of a conformation itself, since it often is
the case where the whole population has only a few dif-
ferent energy values among them, so we opted for a linear
ranking fitness, where we rank the population from better
to worse and attribute fitness values linearly between 100
and 0, the slope of the line being determined by a param-
eter called “selective pressure”. Various combinations of
numerical values for the parameters of the algorithm were
attempted and the best parameters found where: num-
ber of individuals in the population 500, selective pres-
sure 1.5, mutation rate 0.2, and a stopping criteria of
10000 generations maximum, or 100 generations without
improvement of the solution. Table IV shows the result
of the simulations, giving for each test sequence the chro-
mosome of the best solution found, its energy, as well as
the number of energy calculations needed in average to
achieve the optimal solution. As the energy calculation
step of the algorithm is the most computationally costly,
we used it as a measure of the speed of the algorithm.
The algorithm was given 100 runs on each test sequence,
and the number of successful runs is shown on the column
labeled as “%”.
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FIG. 2. Time evolution along the generations of the prob-
ability of generation for each peak on a sample run of the
algorithm with and without maternal effect.
IV. CONCLUSIONS
For the usefulness of the ME, in practical applications
of the genetic algorithm, there could be a much larger
sampling space than the 16 bits codification used on the
first part this work, which shows the importance of any
improvement on the search of global and local maxima
with little increase in needed processing power. The gen-
5eral result of the maternal effect operator applied to the
SGA is retarding the convergence of the algorithm with-
out making it more random, as an increase in the mu-
tation rate do. The operator retains genetic information
on the population trough the generations that would be
lost due to convergence otherwise, instead of just adding
new random information by mutation. In cases where it
is important to increase the genetic variability inside the
population, it is better to introduce maternal effect than
to increase mutation rate, because of this comparison.
Although the application of the maternal effect opera-
tor is primarily indicated to the cases where one must find
every peak on the fitness landscape, it might also be use-
ful in cases where one only needs the global maximum,
since it may avoid that the population stay genetically
constrained to the neighborhood of a local maximum in
a few generations, as is usually observed with the SGA.
The ME was very successfully applied to the protein
folded structure prediction problem on the HP lattice
model, helping in finding the global minimum of energy
and making the algorithm more reliable in always finding
it. A very important result was the achievement of a
lower minimum energy than the putative minimum that
has been assumed since the first time this test sequences
were proposed and up to now.
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